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Abstract 
Adhesively bonding fibre-reinforced polymer (FRP) composites to reinforced concrete (RC) 
members is a simple and highly effective method to restore strength, increase loading 
capacities and prolong the service life of structural elements. Widespread application of FRP 
retrofits have been hampered by the uncertainty surrounding the long-term durability of the 
FRP strengthening system, particularly in relation to the critical bond between FRP and 
concrete and its implications on member flexural behaviour. 
 RC members strengthened by adhesively bonding FRP to tension faces are susceptible to 
brittle debonding failures that can severely limit the effectiveness of the strengthening system. 
These debonding failures are attributed to the stress concentrations that occur at the plate-end, 
at flexure-shear cracks, and through the intermediate-crack (IC) debonding mechanism 
associated with the widening of flexural cracks. While plate-end debonding can be avoided 
via sound detailing practices, IC debonding is unavoidable since the failure mechanism is 
associated to the displacement, or slip, that occurs at the bond interface between FRP and 
concrete as flexure and flexure-shear cracks widen under load. Hence it is this form of failure 
which is investigated in this thesis. To isolate the conditions that lead to IC debonding, 
researchers have devised shear bond tests that allow the bond behaviour between FRP and 
concrete, central to IC debonding, to be studied. Over the past 20 years there has been 
widespread laboratory testing of environmentally loaded FRP-to-concrete joints via these 
shear bond tests, therefore there is a need for a global assessment of all data to determine the 
driving mechanisms influencing bond deterioration. 
 First, through a regression analysis of a comprehensive shear bond test database, factors 
contributing to the instances of joint strength gain and loss across a range of studies and 
various environmental conditions are identified. It is found that the durability of the joint is 
generally not attributable to the type of fibre, strengthening scheme or surface preparation 
method, rather the strong influence is the relationship between the strength development of 
the concrete substrate and deterioration of the adhesive over the duration of environmental 
conditioning. With limited reporting of the full-range load-displacement behaviour, the 
analysis is limited to quantifying bond deterioration in terms of joint strength only. Lower 
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bound statistical models are developed for predicting the change in bond strength under 
moisture conditions, elevated temperatures and freeze-thaw cycling. 
 Having established that there is limited reporting of the load-displacement behaviour of 
bonded joints, the deterioration of the bond is further investigated through an experimental 
study. Samples are exposed by continuous immersion in water, saltwater and for the first 
time, a sulphuric acid solution simulating the pooling of acid rain in highly industrialised 
cities. Then, a numerical model, based on the mechanics of partial-interaction, is applied to 
extract bond characteristics in the form of the bond-slip relationship from the present 
experimental results as well as those in published literature. Significantly, it is shown that the 
majority of test results gathered for the analysis can only be accurately assessed with the 
proposed model as samples are often outside the bounds of existing predictive strength and 
bond-slip models. Extracted bond properties are statistically analysed to propose a set of 
factors that quantify bond characteristic deterioration and the resulting extension of the 
effective bond length that occurs with environmental loading. 
 Finally, a displacement-based moment-rotation approach for IC debonding in FRP-
strengthened flexural members is adapted into a numerical solution to predict the implications 
of bond deterioration on flexural performance. The approach uses partial-interaction theory to 
simulate the load-slip response of the FRP plate relative to the concrete, from the formation of 
the first flexural crack to IC debonding, which is significant as any changes at any bond 
interface due to environmental loading can be accommodated. At the initiation of IC 
debonding, the FRP laminate is considered completely detached from the RC member over a 
certain length, no longer acting as external reinforcement, but rather as unbonded prestressing 
tendon that exerts a force equivalent to the IC debonding resistance, allowing for concrete 
softening should it occur prior to the complete debonding. The numerical model is shown to 
be capable of quantifying local bond characteristics by matching the predicted load-deflection 
response to the experimental load-deflection response. Hence, a new methodology for 
extracting bond characteristics from flexural tests is developed. Application of the 
methodology to deteriorated FRP-strengthened flexural members reveals the change in bond 
characteristics that occur at the member level. 
 Through the extraction of material bond characteristics in this thesis, it is shown that bond 
deterioration at the member level can be more substantial than that indicated by shear bond 
tests. This change in bond characteristics, due to environmental loading, is found to reduce 
the ability of the member to accommodate the deformation of the FRP laminate over its 
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length, thereby limiting the load above IC debonding that the beam can support. This result is 
subject to three limitations: (1) due to the absence of common test methodologies and 
guidelines, the test conditions of flexural tests gathered for the study are outside the range of 
equivalent shear bond tests. (2) Changes to material behaviour or steel-to-concrete bond 
interface behaviour are lumped into the FRP-to-concrete interface. (3) In shear bond tests the 
failure mode is isolated, whereas debonding failure in flexural members can be difficult to 
identify due to sudden and catastrophic failure of specimens. This research has shown that 
bond deterioration at the FRP-to-concrete interface can promote unstable IC debonding along 
the plated length of FRP-strengthened RC flexural members, compromising both strength and 
ductility.  
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1 Introduction 
1.1 Research background 
Adhesively bonding fibre-reinforced polymers (FRP) to tensile faces of reinforced concrete 
(RC) beams is a simple and highly effective method to restore strength, enhance loading 
capacities and prolong the service life of deteriorated concrete structures. Now with 
widespread application, the durability of these FRP strengthening systems is becoming an 
increasingly important issue. Current guidelines are only able to demonstrate reservations for 
environmental effects through a reduction factor of the rupture elongation of FRP in the order 
of 0.85 to 0.95 (ACI Committee 440 2008) or imposing a maximum design life of 30 to 40 
years with continued re-assessment post-strengthening (Concrete Society Working Party 
2012). 
 Unlike conventional RC members that fail by steel yielding followed by concrete 
crushing, FRP-strengthened flexural members are susceptible to brittle debonding failures that 
can severely limit the performance and effectiveness of the strengthening system. These 
debonding failures have been comprehensively classified (Oehlers, Park & Mohamed Ali 
2003; Teng et al. 2003) and occur due to one of three mechanisms: the development of stress 
concentrations with loading at the free end of plating leading to plate-end (PE) debonding; 
flexure-shear cracks in the RC beam intercepting the level of the plate to induce critical 
diagonal crack debonding (CDC) and flexural cracks intercepting the level of the plate to 
cause intermediate-crack (IC) debonding. Design guidelines reflect this issue by assuming a 
perfect bond exists between the FRP and concrete and limiting the strain at the level of the 
FRP. However, the ability of the bond to transfer stress between the FRP and concrete has not 
only implications for flexural strength, but also on ductility (Oehlers, Visintin & Lucas 2016). 
 The widening of flexural cracks with loading causes a separation of the bonded FRP from 
the concrete. At the location of the crack, a relative displacement, or slip occurs between the 
FRP and the concrete, inducing a load in the FRP laminate related to the material bond 
characteristic at the FRP-to-concrete interface. As cracks continue to widen, the increasing 
slip at the FRP-to-concrete can cause debonding to initiate and propagate along the length of 
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the member to failure. This transfer of shear stress from concrete to FRP has been extensively 
tested by means of shear bond tests (Bizindavyi & Neale 1999; Nakaba et al. 2001; Dai, Ueda 
& Sato 2005; Yao, Teng & Lam 2005). These tests investigate bond behaviour by isolating 
the conditions leading to IC debonding, such that material bond characteristics, typically 
characterised as bond stress-slip, τ-δ relationships can be derived (Lu et al. 2005; Seracino, 
Raizal Saifulnaz & Oehlers 2007; Wu & Jiang 2013). The deformation necessary to cause 
debonding at the steel-to-concrete interface is significantly greater than the deformation 
necessary to cause the initiation of debonding at the level of the FRP. Hence, it is the bond 
characteristics at the FRP-to-concrete interface that are significant to the flexural performance 
of strengthened RC members, and these bond characteristics change with environmental 
loading (Mukhopadhyaya, Swamy & Lynsdale 2008; Benzarti et al. 2011; Al-Mahmoud, 
Mechling & Shaban 2014). 
1.2 Research objectives 
To develop an understanding of the deterioration of the bond and its implications on flexural 
performance, a number of outcomes are to be achieved: 
 To identify the parameters influencing the degraded behaviour of FRP-to-concrete 
joints; 
 To establish general trends describing the deterioration of joints under various 
aggressive environmental conditions; 
 To supplement existing work with an experimental study that further investigates the 
effects of moisture conditions, saltwater and sulphuric acid depositions on bond 
deterioration; 
 To characterise bond deterioration in the form of a bond-slip relationship; 
 To develop a numerical model that can simulate the formation and widening of cracks 
associated with tension-stiffening, such that any changes at any bond interfaces due to 
environmental loading can be accommodated and full-range member IC debonding 
behaviour can be predicted; 
 To determine the implications of bond deterioration on the load-deflection behaviour 
of FRP-strengthened flexural members.  
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1.3 Research approach 
The first objective of this research is to identify the parameters influencing the degraded 
behaviour of FRP-to-concrete joints. Concerns over the durability of the bond between FRP 
and concrete has prompted widespread shear bond testing of joints conditioned under various 
aggressive environments with the general outcome being that environmental conditioning 
progressively diminishes the strength of the joint (Sen 2015). It is well known that, unlike 
short-term shear bond test samples, environmentally conditioned samples do not always 
exhibit the desired failure mechanism, that is, failure within the concrete layer to which the 
FRP laminate remains bonded. Rather, after environmental conditioning, failure may occur 
between the concrete, adhesive and FRP interfaces with little to no visible damage to the 
concrete substrate (Mukhopadhyaya, Swamy & Lynsdale 1998; Cromwell, Harries & 
Shahrooz 2011; Yun & Wu 2011). What has not been explained are the irregularities between 
similar test regimes, with similar test materials, providing dissimilar results particularly in 
regards to joint strength. For example, increases in shear bond strength for samples exposed to 
moisture conditions (Mukhopadhyaya, Swamy & Lynsdale 1998; Benzarti et al. 2011; Al-
Mahmoud, Mechling & Shaban 2014) are complemented with instances of strength loss under 
similar test conditions (Barger 2000; Benzarti et al. 2011; Cromwell, Harries & Shahrooz 
2011). Due to the absence of available guidelines, researchers have tested FRP-to-concrete 
joints by following environmental testing procedures designed for concrete, polymers and 
plastics (Green et al. 2000; Cromwell, Harries & Shahrooz 2011; Yun & Wu 2011) or adapted 
test conditions to accelerate bond deterioration over short periods of time. Therefore, there is 
a need for a global assessment of all studies so that the parameters influencing bond 
deterioration across various environmental conditions can be identified, trends can be 
established and models for bond deterioration can be formulated. 
 In addition to the lack of common methodologies between studies, reporting of the load-
slip relationship has been very limited, hindering efforts to formulate accurate bond-slip 
models needed for determining the implications of environmental loading at the member 
level. Therefore to supplement existing work, an experimental study is devised to further 
investigate durability of the bond under three aggressive environmental conditions: 
continuous immersion in water, saltwater and a sulphuric acid solution. The experiment is the 
first to investigate the effect of the most commonly occurring natural acid, sulphuric acid, on 
bond performance which had previously only been used to investigate the durability of 
concrete specimens (Raju & Dayaratnam 1984; Kong & Orbison 1987; Attiogbe & Rizkalla 
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1988). Sulphur dioxide emissions, responsible for sulphuric acid depositions are 
commonplace in highly industrialized cities. New York City, for example, has an average pH 
of rainfall ranging from 4.0 to 4.5 (Winkler 1997). The devised test simulates the pooling 
effects of wet depositions at this pH level of 4.0 on strengthened concrete surfaces. A 
numerical model, based on the mechanics of partial-interaction (Haskett, Oehlers & 
Mohamed Ali 2008), is then applied to extract bond characteristics in the form of the bond 
stress-slip relationship, from these experimental results as well as for samples tested under a 
range of environmental conditions in published literature. 
 To study member behaviour, a numerical solution capable of relating the bond-slip 
response, studied in shear bond tests, to the widening of flexural cracks at the level of the FRP 
plate is necessary, so that changes at the bond interface due to environmental loading can be 
simulated. Traditional moment curvature, M-χ analyses based on Euler-Bernoulli linear strain 
profiles are unable to simulate this behaviour because, at the location of flexural and shear-
flexure cracks, there is partial-interaction between the steel reinforcement and FRP laminate, 
and therefore a perfect bond cannot be assumed. Instead, a displacement-based moment-
rotation, M-θ segmental approach is utilised which is able to relate the slip at the level of the 
FRP and steel reinforcing bar to material bond characteristics through the mechanics of 
partial-interaction. The model is a numerical solution to the member passive prestress 
debonding mechanism for IC debonding first described by Oehlers, Visintin and Lucas 
(2016). At the initiation of IC debonding, the FRP plate is considered completely detached 
from the RC member over a certain length, no longer acting as external reinforcement, but 
rather as unbonded prestressing tendon that exerts a force equivalent to the IC debonding 
resistance over an unbonded section of the plated member. Within this debonded length, the 
FRP plate exerts a force equal to the IC debonding resistance on the unplated beam and is 
therefore able to be loaded beyond the initiation of IC debonding and compressive concrete 
softening can be simulated should it occur. Importantly, the approach is generic in that any 
changes to the material and bond characteristics that occur with environmental loading can be 
accommodated and the implications on flexural ductility and strength can be assessed.  
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1.4 Thesis outline 
Chapters 2-4 are presented in the form of manuscripts that have either been published or 
submitted to peer-reviewed journals. Each chapter contains: a synopsis linking the study to 
the above listed research objectives, the manuscript and its supplementary material. 
 Chapter 2 assesses the results of existing experimental studies, to identify and explain the 
mechanism of bond deterioration across various environmental conditions. To complete the 
investigation, a comprehensive database, consisting of 1,169 samples across 48 separate 
studies in published literature is collected and categorised to quantitatively assess the role of 
environmental conditioning on the bond. Then, through a regression analysis, factors 
contributing to the instances of joint strength gain and loss across a range of studies, 
previously only considered in isolation, are revealed. Lower bound statistical models are 
developed for predicting the deterioration in bond strength under moisture conditions, 
elevated temperature and freeze-thaw cycling. 
 Describing bond behaviour in terms of strength alone does not allow for an accurate 
prediction of the full range load-deflection behaviour in flexural members. Hence Chapter 3 
further investigates bond deterioration through an experimental study, then applies a 
numerical model that uses partial-interaction (PI) mechanics to characterise the bond 
behaviour from these experimental results, as well as in published literature, in the form of 
bond stress-slip relationships. Extracted bond characteristics are statistically analysed and a 
set of bond characteristic deterioration factors are proposed for a range of environmental 
conditions. 
 In Chapter 4, a displacement based PI moment-rotation approach previously developed 
by Oehlers, Visintin and Lucas (2016) for predicting member strength and ductility in the 
short-term is adapted into a numerical solution to assess the implications of environmental 
loading on the flexural response of FRP-strengthened RC members. The approach uses PI 
theory (Haskett, Oehlers & Mohamed Ali 2008) to quantify the formation and widening of 
cracks associated with the tension-stiffening mechanism from the first crack to IC debonding. 
Importantly, the model allows for any changes at any bond interface, due to environmental 
loading, to be accommodated and full-range member behaviour to be predicted. Hence a new 
methodology is presented for extracting bond properties from flexural tests and applied to 
determine the implications of bond deterioration on the ductility and strength of flexural 
members tests of flexural members. 
 6 
 
 In Chapter 5, the main findings and implications of the research are summarised and 
recommendations are made for future work.  
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2 Durability of adhesively bonded FRP-to-
concrete joints 
The work associated with this chapter has been published in the peer-reviewed Journal of 
Composites for Construction. The published paper can be obtained via 
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000657. The version presented in this thesis 
is after peer review and prior to copyediting. Chapter numbers are included in figure and table 
captions for coherence. 
 
This work can be cited as: Aydin, H, Gravina, RJ & Visintin, P 2016, 'Durability of 
adhesively bonded FRP-to-concrete joints', Journal of Composites for Construction, vol. 20, 
no. 5, doi: 10.1061/(ASCE)CC.1943-5614.0000657. 
Synopsis 
To evaluate the implications of bond deterioration at the member level, an investigation into 
the factors influencing changes to bond behaviour is first necessary. Given the uncertainty 
surrounding the durability of the bond, shear bond testing of environmentally conditioned 
samples has been widespread. However there have been reports of both strength gain and 
strength loss across studies with similar conditioning regimes and test setups. Therefore, a 
global assessment of all data is needed to determine the driving mechanisms of bond 
deterioration such that reasons for mixed results can be explained and quantified. In this 
chapter, a comprehensive database, consisting of 1,169 samples across 48 separated studies in 
published literature, is collected and categorised so as quantitatively assess the role of 
aggressive environmental conditioning. Then, through the use of a regression analysis, factors 
contributing to the instances of joint strength gain and loss across a range of studies, 
previously only considered in isolation, are revealed and lower bound strength models for 
predicting deterioration are proposed.  
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Abstract 
The adhesive bonding of fibre-reinforced polymers (FRP) to tensile faces of reinforced 
concrete elements is now widely considered as a simple and effective means for enhancing 
load-carrying capacity and decreasing deflection. There is however, uncertainty surrounding 
the long-term durability of the FRP-to-concrete bonded system. Hence a comprehensive 
database of available shear bond tests is collated, categorised and analysed to quantitatively 
assess the impact of environmental exposure on debonding failure modes, bond properties and 
residual strength. Trends reveal that the durability of joints is generally not attributable to the 
type of fibre, strengthening scheme, surface preparation method or differences in conditioning 
regimes, but rather the strong influence is by the durability of the adhesive layer. 
Significantly, deterioration of the adhesive layer alters the mechanical behaviour of the joint, 
often to an extent where tests can fail to capture the full strain development along the bonded 
length, and therefore not fulfil the intended purpose of simulating crack-induced debonding 
failures in flexural elements. These findings allow for the development of regression models 
that predict the degradation of bond strength in FRP-to-concrete joints under a number of 
environmental conditions. 
Keywords 
Concrete, FRP, externally bonded, adhesive, durability, effective bond length 
2.1 Introduction 
Adhesively bonding fibre-reinforced polymer (FRP) composites to structural elements for 
strengthening has largely been successful since adoption from the aviation industry in the 
early 1990s. With the recent widespread application of FRP for strengthening reinforced 
concrete (RC) elements, the durability (long-term performance) of these structural systems is 
an increasingly important issue, in particular, the influence on previously well-known crack-
induced debonding failures. Intermediate crack (IC) and critical diagonal crack (CDC) 
debonding failure modes occur when flexure and flexure-shear cracks intercept externally 
bonded plates initiating premature debonding failure of the member (Teng et al. 2003; Liu et 
al. 2007). It is commonplace to simulate the crack separation of debonding failures via shear 
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bond tests of FRP-to-concrete joints (Bizindavyi and Neale 1999; Chen and Teng 2001; 
Nakaba et al. 2001; Yao et al. 2005; Mazzotti et al. 2008). 
 Considering the type of exposure, conditioning regime and performance of the joint under 
monotonic testing, durability refers to the ability of the joint to resist permanent damage. 
Since Karbhari et al. (2003) first identified gaps in the durability of a variety of FRP-to-
concrete systems, a considerable amount of literature has been published on FRP-to-concrete 
joints subjected to a wide range of simulated environmental conditions (Table 2.1). 
Geometric, material and conditioning regime differences have been widely explored with the 
general outcome being that the environmental conditioning progressively diminishes the 
strength of the joint (Sen 2015). What has not been explained are the irregularities between 
similar test regimes, with similar test materials, providing dissimilar results particularly in 
regards to joint strength. Most notably, instances of joint strength loss over a period of 
exposure are complemented with instances of joint strength gain (Table 2.1). 
Table 2.1. Categorisation of studies based on environmental exposure 
Reference 
a
Test conditions 
b
Test 
setup 
c
Type of FRP 
d
Strength 
Environmental condition: Moisture 
(Barger 2000) Continuous immersion, room temperature, 9 
months 
 
DLS GFRP sheet, 
CFRP sheet 
Gain 
(Pack 2003) 100% RH, 38 °C, 10,000 hours DLS CFRP plate, 
CFRP sheet, 
GFRP sheet 
 
Gain 
(Au and Büyüköztürk 
2006) 
 
Continuous immersion, 23 to 50 °C, 8 weeks SLS CFRP plate Loss 
(Gamage et al. 2009) Thermal cycling in 90% RH, 20 to 50 °C, 
2,400 hours 
 
SLS CFRP sheet Loss 
(Lai et al. 2009) Continuous immersion, 20 to 60 °C, 50 
weeks 
 
SLS CFRP plate Loss 
Gain 
(Li et al. 2010) Wet-dry cycling, 23 to 30 °C, 50 cycles 
 
SLS Hybrid sheet Loss 
(Benzarti et al. 2011) 95 % RH, 40 °C, 353 days SLS CFRP sheet 
CFRP plate 
 
Gain 
(Nishizaki and Kato 
2011) 
 
Continuous immersion, 40 °C, 6 months SLS CFRP sheets Loss 
(Kabir et al. 2012) Humidity cycling RH 95%, room 
temperature, 12 cycles 
 
SLS CFRP sheet 
GFRP sheet 
Gain 
Loss 
(Huang and Ye 2013) Continuous immersion, 20 to 50 °C, 6,048 
hours 
 
SLS CFRP sheet Loss 
Gain 
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(Shi et al. 2013) Continuous immersion, room temperature, 
200 hours 
 
DLS BFRP sheet Loss 
(Aydin et al. 2014) Continuous immersion, 23 °C 
 
SLS CFRP plate Gain 
(Shrestha et al. 2014) Continuous immersion, 20 °C, 161,28 hours 
Wet-dry cycling, 20 °C, 12,096 hours 
 
SLS CFRP sheet Loss 
Gain 
(Hassan et al. 2015) Wet-dry cycling, 32 °C, 4,032 hours 
 
DLS CFRP plate Gain 
Environmental condition: Chemical attack 
(Mukhopadhyaya et al. 
1998) 
Wet-dry cycling in 5% NaCl, room 
temperature, 18 cycles 
 
DLS GFRP plate Gain 
(Barger 2000) Continuous immersion in pH 3 and pH 13 
solutions, room temperature, 3 months 
 
DLS GFRP sheet 
CFRP sheet 
Loss 
(Homam et al. 2001) Continuous immersion in pH 10, pH 12 and 
pH 13.7 NaOH solutions, 38 °C, 2,016 hours 
 
DLS CFRP sheet Gain 
Loss 
(Pack 2003) Continuous immersion pH 9.5 CaCO3 
solution, 37.8 °C, 10,000 hours 
Continuous immersion in diesel fuel, 22.2 
°C, 4 hours 
 
DLS CFRP plate 
CFRP sheet 
GFRP sheet 
Gain 
Loss 
(Alfar 2006) 65% RH with 9.6% NaCl solution ponding, 
20 to 50 °C, 8,400 hours 
 
SLS CFRP plate Gain 
(Fava et al. 2007) Salt fog 5% NaCl, 50 °C, 1 month 
 
SLS CFRP plate Loss 
(Abbas 2010) 4 and 8% NaCl, 40 to 50 °C, 120 days 
 
SLS CFRP plate Loss 
(Pan et al. 2010) 3, 6, 10 and 15% NaCl, 120 days 
 
SLS CFRP sheet Gain 
(Al-Rousan et al. 2013) Wet-dry cycling in 2.5% Na2SO4, 2.5% 
Mg2SO4 solution, 40 °C, 123 days 
 
DLS CFRP sheet Loss 
(Aydin et al. 2014) Continuous immersion in 5% NaCl, 23 °C, 8 
weeks 
 
SLS CFRP plate Loss 
(Hassan et al. 2015) Wet-dry cycling in salt solution, 32 °C, 12 
cycles 
 
DLS CFRP plate Gain 
(Zhou et al. 2015) Wet-dry cycling in 7% Na2SO4 solution, 25 
to 40 °C, 150 cycles 
 
SLS CFRP plate 
GFRP plate 
Loss 
Environmental condition: Thermal cycling 
(Mukhopadhyaya et al. 
1998) 
Freeze-thaw cycling in air and 5% NaCl, -
17.8 to 20 °C, 18 cycles 
 
DLS GFRP plate Gain 
(Barger 2000) Freeze-thaw cycling in pH 13 and pH 3 
solution 
 
DLS GFRP sheet Loss 
(Green et al. 2000) Freeze-thaw cycling, -18 to 20 °C, 300 
cycles 
 
SLS CFRP plate Gain 
(Homam et al. 2001) Thermal cycling, -20 to 40 °C, 336 cycles DLS CFRP sheet 
GFRP sheet 
 
Gain 
Loss 
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(Dohnálek 2006) Freeze-thaw cycling in 3% NaCl, -15 to 20 
°C, 75 cycles 
 
DLS CFRP plates Gain 
Loss 
(Hu et al. 2007) Freeze-thaw cycling in water, -15 to 6 °C, 50 
cycles 
 
SLS GFRP sheet 
CFRP sheet 
Loss 
(Subramaniam et al. 
2008) 
 
Freeze-thaw cycling, -18 to 5 °C, 300 cycles SLS CFRP sheet Loss 
(Tam 2007) Freeze-thaw cycling in water, -20 to 20 °C, 
300 cycles 
 
DLS CFRP plate 
GFRP plate 
Gain 
Loss 
(Colombi et al. 2010) Freeze-thaw cycling, -18 to 4 °C, 200 cycles SLS CFRP sheet 
CFRP plate 
 
Gain 
Loss 
(Li et al. 2010) Freeze-thaw cycling in water, -17 to 4 °C, 
100 cycles 
 
SLS Hybrid sheet Gain 
(Yun and Wu 2011) Freeze-thaw in water and 4% NaCl solution, 
-17 to 4 °C, 67 cycles 
 
SLS CFRP sheet Loss 
(Kabir et al. 2012) Thermal cycling, 30 to 40 °C, 168 cycles SLS CFRP sheet 
GFRP sheet 
 
Gain 
(Shi et al. 2013) Freeze-thaw cycling, -17 to 4 °C, 300 cycles 
 
DLS BFRP sheet Loss 
(Hong et al. 2014) Freeze-thaw cycling, -18 to 5 °C, 260 cycles 
 
DLS CFRP sheet Loss 
Environmental condition: Elevated temperature 
(Blontrock et al. 2002) 20 to 70 °C, 12 hours DLS CFRP plate Gain 
Loss 
 
(Pack 2003) 60 °C, 3,000 hours DLS CFRP plate 
CFRP sheet 
GFRP sheet 
 
Loss 
(Wu et al. 2004) 26 to 50 °C, 6.5 hours 
 
DLS CFRP sheet Loss 
(Cai 2008: cited in Dai 
et al. 2013) 
 
4 to 180 °C DLS CFRP sheet Loss 
(Leone et al. 2009) 20 to 80 °C DLS CFRP sheet 
CFRP plate 
GFRP sheet 
 
Gain 
Loss 
(Klamer 2009) -20 to 100 °C, 16 hours DLS CFRP plate Gain 
Loss 
 
(Li et al. 2010) 
 
-25 to 23 °C, 25 days SLS Hybrid sheet Loss 
(Adelzadeh 2013) 
 
23 to 200 °C, 1 hour SLS CFRP plate Loss 
Environmental condition: Outdoor exposure 
(Barger 2000) West Virginia, USA, 8 months DLS GFRP sheet 
CFRP sheet 
 
Loss 
(Alfar 2006) Amman city, Aqaba region, Dead Sea 
region, Jordan, 8,400 hours 
 
SLS CFRP plate Gain 
(Abbas 2010) Sharjah, UAE, 6 months SLS CFRP plate Loss 
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(Hassan et al. 2015) 
 
Natural tropical in Malaysia, 6 months DLS CFRP plate Loss 
Environmental conditioning combined with sustained loading 
(Barger 2000) Freeze-thaw cycling with 25% sustained 
load, -11 to 49 °C, 84 days 
 
DLS CFRP sheet 
GFRP sheet 
Loss 
(Tam 2007) Freeze-thaw cycling with 30% sustained 
load, -20 to 20 °C, 300 cycles 
 
DLS CFRP plate 
GFRP plate 
Gain 
(Gamage et al. 2009) Thermal cycling under 90% RH with 15 to 
50% sustained load, 20 to 50 °C, up to 450 
cycles 
 
SLS CFRP sheet Gain 
Loss 
(Abbas 2010) Thermal cycling 20 to 50 °C at 90% RH, 20 
to 40% sustained load, 360 cycles 
Humidity cycling 30-95% RH, 40 to 45 °C, 
20 to 50% sustained load, 126 cycles 
4 and 8% NaCl solution, 20 to 50% 
sustained load, 90 days 
Continuous immersion with 20% sustained 
load, 40 to 50 °C, 90 days 
Outdoor exposure, 20 to 40% sustained load, 
0 to 4% NaCl, 6 months 
 
SLS CFRP plate Loss 
(Al-Safy et al. 2013) Humidity cycling at 30 to 90% RH with 30 
to 40% sustained load, 50 °C, 504 hours 
Thermal cycling with 40% sustained load, 20 
to 50 °C, 1,060 hours 
 
SLS CFRP sheet - 
(Shi et al. 2013) Freeze-thaw cycling in water with 25% 
sustained load, -17 to 8 °C, 300 cycles 
Continuous immersion, 25% sustained load, 
room temperature, 400 hours 
 
DLS BFRP sheet Loss 
(Al-Tamimi et al. 2014) Outdoor exposure with 15 to 25% sustained 
load in UAE, 0 to 4% NaCl, 3 months 
 
SLS CFRP plate Gain 
(Hassan et al. 2015) Wet-dry cycling in water and salt solution 
with 50% sustained load, 32 °C, 6 months 
Outdoor exposure with 50% sustained load, 
Malaysia 
DLS CFRP plate Loss 
Note:  
a
Test conditions: Included are the type of exposure, temperature range tested, concentration of solution, longest 
duration or number of cycles tested, RH = Relative humidity. 
b
Test type: SLS = single lap shear; DLS = double lap shear. 
c
Type of FRP: CFRP = carbon FRP; GFRP = glass FRP; BFRP = basalt FRP; Hybrid = carbon and glass sheets; 
Plate = refers to bonding of pultruded or prefabricated laminates; Sheet = refers to bonding by the wet lay-up 
technique. 
d
Strength: General changes to strength in bond strength in relation to undeteriorated control samples. 
The full comprehensive database of test results may be found in Table S2.1. 
 
This variability in strength is an occurrence that is not unique to a single environmental 
testing regime, but prominent under a range of thermal and non-thermal exposures. Despite 
offering new insight on the influence of different conditioning regimes or geometric 
arrangements, tests have been conducted in isolation, using materials from a range of 
suppliers, all of which have different mechanical properties, chemical properties and without 
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any common methodology. With many tests now published, there is a need for a global 
assessment of all data to determine the driving mechanisms influencing bond behaviour in 
order to explain and quantify the reasons for mixed results. 
 In this paper, results from 1,169 samples across 48 separate studies for externally bonded 
FRP-to-concrete bond tests have been collated and categorised based on thermal and non-
thermal exposure, with subcategories of solution type, exposure times and number of cycles 
to quantitatively assess environmental impact on debonding failure modes, bond properties 
and residual strength. Through formulating a set of inclusion criteria to omit unusable data, 
trends of bond degradation are shown to be best described in terms of their residual strength 
in reference to corresponding, unconditioned control samples. By regressing against material 
properties, geometries, and differences in conditioning regime influential factors are 
identified, and new lower bound statistical models are developed for predicting the 
degradation of FRP-to-concrete joints under varying environmental conditions. In addition to 
the development of this lower bound material model, a major outcome from the formulation 
of this database is to highlight the need for better reporting practices, that is, although a large 
number of tests investigating environmental degradation have been performed, incomplete 
reporting of material properties, exposure regimes, test methodologies and results, 
substantially reduces the number of results that may be considered when developing a 
material model. 
2.2 Testing procedures 
Durability testing of adhesively bonded FRP-to-concrete joints has come in many forms. 
Commonly occurring in-service environments have been simulated as occurring across 
different temperatures ranges, moisture conditions, durations and intensities. However, this 
variation has taken place in the absence of formal testing specifications. 
2.2.1 Test conditions 
The absence of available guidelines for durability testing of FRP-to-concrete joints and 
flexural members has prompted researchers to follow related test procedures applicable to 
concrete, polymers or plastics (Table 2.2). Only recently has the NCHRP Report 655 (Zureick 
et al. 2010) been published which addresses the material requirements of FRP bonded systems 
requiring the determination of the glass transition temperature after periods of conditioning. 
The distinct conditions include immersion in water of elevated temperature, cycles of 
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ultraviolet light and humidity, alkali solution immersion and freeze-thaw cycling. However, in 
most cases no standard specification has been followed and conditioning regimes were 
designed to either simulate commonly occurring in-service environments or to accelerate 
degradation over a short period of time. 
Table 2.2. Common standard specifications adopted in FRP-to-concrete bond tests 
Environmental 
condition Standard specification Test conditions Reference 
Moisture and 
chemical 
attack 
ASTM D2247 
Water resistance of coatings 
in 100% relative humidity 
 
38°C at 100% relative humidity (Pack 2003) 
ASTM D5229 
Moisture abortion properties 
and equilibrium conditioning 
of polymer matrix composite 
materials 
 
Moisture absorption 
23 ± 2 °C 
RH 50 ± 10% 
(Woods 2003) 
ASTM C581 
Determining chemical 
resistance of thermosetting 
resins used in glass-fiber-
reinforced structures intended 
for liquid service 
 
Chemical attack 
Continuous immersion 
(Pack 2003) 
ASTM D1141 
Preparation of substitute 
ocean water 
Stock solutions of 
concentrations representing sea 
water 
(Pack 2003; Woods 2003) 
Freeze-thaw ASTM C666 
Resistance of concrete to 
rapid freezing and thawing 
1 cycle 
-18 to 4 °C 
 
Procedure A: 
Freezing and thawing in water 
 
Procedure B: 
Freezing and thawing in air 
 
(Mukhopadhyaya et al. 
1998; Saenz et al. 2004; 
Fava et al. 2007; 
Subramaniam et al. 2008; 
Colombi et al. 2010; Li et 
al. 2010; Yun and Wu 
2011; Shi et al. 2013) 
 
ASTM C672 
Scaling resistance of concrete 
surfaces exposed to de-icing 
chemicals 
 
Freeze under 6 mm depth of 
CaCl2 4g/100 mL 
solution 
(Dohnálek 2006; Yun and 
Wu 2011) 
ASTM C310 
Resistance of concrete to 
freezing and thawing 
 
Freezing in air -18°C for 16 
hours. Thawing in water 15°C 
for 8 hours 
(Green et al. 2000) 
CSN 73 1326 
Resistance of concrete 
against water and chemical 
de-icing agents 
 
Freeze 5mm submerged in 3% 
NaCl. One cycle corresponds to 
-15 freeze and 20°C thaw 
(Dohnálek 2006) 
CSN 73 1322 
Frost resistance of concrete 
Freezing in air, thawing in 
water. One cycle corresponds -
10 freeze and 17°C thaw 
(Dohnálek 2006) 
Elevated 
temperature 
ASTM D3045 
Heat aging of plastics without 
load 
Exposure temperatures of 50°C 
and above for desired level of 
property change  
(Pack 2003) 
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2.2.2 Test setups 
The variation between experimental studies is complicated by the choice of test set-up. Shear 
pull tests are intended to isolate the mechanism of crack separation that occurs in crack-
induced debonding failures of RC beams, that is the point where a crack intercepts externally 
bonded FRP. The majority of studies have investigated this bond behaviour by single shear 
tests or double shear tests (Table 2.1). Flexural tests are not considered in this paper as 
additional parameters such as the behaviour of concrete in compressive regions, add further 
complexity to the bond and introduce new failure modes to the system, additionally the load-
slip relationship cannot be reported. However there is significant research into the durability 
of the bond by means of flexural tests. A recent and comprehensive durability study (Dolan et 
al. 2010) was able to propose strength reduction factors, over a range of commonly occurring 
environmental conditions for design with consideration of the type of bonding system. 
 While there have been many modifications to the geometry of test specimens, this paper 
will identify a single shear test as a test intended to cause failure over one bonded length. 
Likewise a double shear test is identified by loading applied simultaneously to two bonded 
surfaces in which failure could occur on either side. Despite the number of available tests, a 
major shortcoming is that reporting of the load-slip relationship is extremely limited for both 
single shear tests (Au and Büyüköztürk 2006; Fava et al. 2007; Colombi et al. 2010; Yun and 
Wu 2011; Al-Tamimi et al. 2014) and double shear tests (Mukhopadhyaya et al. 1998; Wu et 
al. 2004; Dohnálek 2006; Tam 2007; Klamer 2009; Al-Rousan et al. 2013; Shi et al. 2013). 
The implication of this is that it is not possible to describe bond-slip behaviour for each 
environmental condition by a single bond stress-slip characteristic over a bonded length 
(Haskett et al. 2008), rather is only possible to obtain an indication of bond strength. 
2.3 Pull test database 
2.3.1 Database inclusion criteria 
In order to categorise the data into meaningful sets, certain simplifications and assumptions 
have been made to experimental data (Table S2.1): 
 Where only average or typical values are reported, these are treated as a single 
individual data point; 
 Geometry of double lap shear tests is simplified to a single side of a bond test; 
 Unless otherwise specified, one month shall be equal to 672 hours (28 days); 
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 Tests using cement based adhesives are omitted; 
 Concrete substrates are assumed to have undergone curing for 28 days from casting 
unless otherwise specified. From this point onwards it is generally not known when 
FRP attachment takes place or when the conditioning regime begins. Therefore, time 
zero is taken at the moment when the FRP bonded sample is first exposed to an 
environmental conditioning regime. This follows the conservative assumption that 
both concrete curing and FRP attachment processes take at least 28 days; 
 Material properties presented are either manufacturer specified or tested at ambient 
conditions. Equally mean concrete compressive strength shall be taken at ambient or 
zero exposure; 
 Residual strengths at time zero represent debonding load for a corresponding sample 
not subject to environmental conditioning; 
 Cyclical test environments are divided into 2 repeating periods. One representing the 
conditions at the maximum, and the other, conditions at the minimum; 
 Where any independent variable other than an exposure period has been altered, for 
example composite type, bonded length, thickness of plate, width of plate, these shall 
be treated as a separate test series and compared to a corresponding control sample. 
Data from bond test studies are omitted from analysis where: 
 Material properties and test methodologies are not detailed (Camata et al. 2007); 
 Debonding loads are not reported (Woods 2003; Gamage et al. 2006; Imani et al. 
2011; Tuakta and Büyüköztürk 2011); 
 Tests are direct tension surface bond tests (Sen et al. 1999; Malvar et al. 2003; Saenz 
et al. 2004; Ghosh and Karbhari 2005; Deng 2008; Dai et al. 2010). The current study 
is specific to the ability of the bond to withstand shear stresses associated with the 
widening of flexural cracks in FRP-strengthened reinforced concrete flexural 
elements; 
 Conditioning is accelerated by electric current (Shimomura and Maruyama 2004); 
 The tests comprises only non-destructive evaluation (Mahmoud et al. 2011; Lai et al. 
2013); 
 Specimens are tested in mode I peel or opening fracture (Qiao and Xu 2004; Wan et 
al. 2006; Ouyang and Wan 2008); 
 The test is intended to isolate creep behaviour (Mazzotti and Savoia 2007); 
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 A study has used either multiple layers of differing adhesive or has not reported 
concrete compressive strength (Nishizaki and Kato 2011); 
 Bond tests are conducted under three point bending (Deng 2008; Silva and Biscaia 
2008; Dolan et al. 2010; Silva and Biscaia 2010; Silva et al. 2013a; Silva et al. 2013b). 
Flexural testing introduces additional parameters and failure modes and so are not 
considered in this study; 
 FRP is bonded to wet concrete substrates (Li et al. 2010; Zhang et al. 2014). 
 Table S2.1 contains the full test database including all simplifications and assumptions 
detailed above. For the purpose of providing an overview of all tests, no data points are 
omitted from the database. Worthy of noting is that although it is widely known that under 
long term environmental loading failure may occur within the adhesive layer, it is uncommon 
for studies to present the result of mechanical testing of the adhesive in addition the FRP-to-
concrete joint (Dohnálek 2006; Shrestha et al. 2014; Hassan et al. 2015; Zhou et al. 2015). 
Alternatively mechanical property degradation of FRP composites constituting the joint are 
often more frequently tested (Pack 2003; Dohnálek 2006; Hu et al. 2007; Tam 2007; Li et al. 
2010; Cromwell et al. 2011; Imani et al. 2011; Shrestha et al. 2014; Hassan et al. 2015; Zhou 
et al. 2015). 
2.3.2 Elongation of the effective bond length 
A number of studies, as summarised in Table 2.3, have reported changes to effective bond 
lengths under different conditions. In addition to these investigations, where strain gauges 
have been instrumented along the bonded length, higher strains at the free end of samples 
suggest effective bond lengths are often extended beyond the available bonded length 
(Mukhopadhyaya et al. 1998; Jia et al. 2005; Leone et al. 2009; Benzarti et al. 2011; Kabir et 
al. 2012; Hassan et al. 2015). These findings are also supported by tests showing that as the 
bonded length is increased, the joint strength under freeze thaw cycles also increases (Tam 
2007; Colombi et al. 2010). 
Table 2.3. Reported changes in effective bond length 
Environmental condition Effective bond lengths Reference 
Freeze-thaw Extend (Yun and Wu 2011) 
Contract (Hong et al. 2014) 
Aqueous solutions Extend (Aydin et al. 2014) 
Salt fog cycles Contract (Silva et al. 2013b) 
Elevated temperature Extend (Wu et al. 2004) 
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The implication of this extension is that tests performed to date may have failed to capture full 
strain development of the joint and consequently the IC debonding resistance, the load 
corresponding to the initiating of debonding in FRP-strengthened flexural members, PIC, may 
not be always attained. Thus global changes to Lcrit and δmax in Fig. 2.1 cannot be quantified, 
where Lcrit is effective bond length and δmax is the slip at the initiation of debonding. 
 
Fig. 2.1. Elongation of effective bond length with time 
 
For example, consider a control specimen with local τ-δ bond properties in Fig. 2.1(b) which 
correspond to a load-deformation relationship for a pull test as in Fig. 2.1(a) prior to any 
environmental loading. During initial periods of environmental loading where the loss of 
adhesive strength is minor (Dohnálek 2006; Hasan et al. 2008; Tuakta and Büyüköztürk 2011; 
Shrestha et al. 2014) the continued development of concrete strength leads to an overall 
increase in the local τ-δ bond properties in Fig. 2.1(b) and hence bond strength in Fig. 2.1(a). 
With further environmental loading the strength of the adhesive drops to a level where the 
failure mode changes from in the concrete layer to the adhesive layer and this typically results 
in a further reduced maximum bond stress τmax as well as an increase in δ1 and δmax, shown as 
the ‘long term decline’ curve in Fig. 2.1(a) and (b). Finally, also in Fig. 2.1 a theoretical 
‘equilibrium’ point is presented which will be used in this paper to define the transition 
between increasing bond strengths due to continued gain in concrete strength over time and a 
reduction in bond strength due to degradation of constituent materials. It is important to note 
here that the increase in δmax means that for tests which have been subjected to environmental 
loading that the critical bond length may not have been achieved. As there are only 52 single 
shear tests of varying conditions containing the full P-δ relationship (Au and Büyüköztürk 
2006; Fava et al. 2007; Yun and Wu 2011; Aydin et al. 2014) there is insufficient data to 
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quantify Lcrit, hence the conservative assumption that Lcrit does not change under 
environmental loading is taken. As shown in Fig. 2.1 (a) for cases where δmax has increased 
only a portion of PIC will be recorded.  
 The presence of an equilibrium point means that durability and failure strength over time 
for an FRP-to-concrete joint is primarily governed by the change in shear strength of the 
adhesive in relation to the concrete shear strength. Given that: 
1. shear strength of concrete has been shown to be a function of concrete cylinder 
strength (Chajes et al. 1996; Seracino et al. 2007); 
2. shear strength of the surface is assumed proportional to gain in compressive strength;  
3. structural epoxies do not regain pre-exposure mechanical properties after drying 
(Tuakta and Büyüköztürk 2011); 
4. failure at the adhesive/FRP interface is rare, subject to design and easily avoided; 
The relationship governing joint durability and failure may be simplified as illustrated in Fig. 
2.2. 
 
Fig. 2.2. Relationship governing joint failure at adhesive/concrete interface 
 
Moreover, failure of well-designed adhesively bonded structural joints are intended to be 
away from the adhesive and limited to within the parent materials. For FRP-to-concrete bond 
tests, this necessitates higher initial shear strength of the adhesive over the concrete substrate 
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in Fig. 2.2. With continuous exposures, a point is reached where gain in concrete strength is 
offset by the deterioration of the adhesive causing the failure layer to shift to within the 
adhesive. In close vicinity to the equilibrium point, samples may exhibit mixed failure modes. 
This relationship describes the durability of joints in its simplest form, however there are 
many different types of environmental factors that may be contributing to the change in 
strength of adhesively bonded joints, these may be identified by regression analysis. 
2.4 Regression analysis 
In this section, a regression analysis is performed to quantitatively assess the parameters 
influencing the change in strength of environmentally degraded adhesively bonded joints. 
This analysis will return a conservative lower bound prediction of joint strength degradation 
over a number of commonly occurring in-service environmental conditions. Studies 
conducted in the presence of moisture are considered first. 
2.4.1 Non-thermal behaviour 
2.4.1.1 Moisture 
The rationale for regression analysis for each environmental condition may be demonstrated 
by considering the deterioration of the FRP-to-concrete bond under moist conditions. Fig. 2.3 
shows the categorisation and experimental scatter of raw data for all moisture bond tests 
conducted below the glass transition temperature (Barger 2000; Pack 2003; Au and 
Büyüköztürk 2006; Gamage et al. 2009; Lai et al. 2009; Li et al. 2010; Benzarti et al. 2011; 
Kabir et al. 2012; Huang and Ye 2013; Shi et al. 2013; Aydin et al. 2014; Shrestha et al. 2014; 
Hassan et al. 2015). It should be noted that wet-dry and humidity cycling tests have been 
adapted to an equivalent exposure time by a summation of the duration of each cycle 
(Gamage et al. 2009). Thus the equivalent exposure time refers to the normalisation of 
moisture condition regimes to equivalent total test duration for a particular sample.  
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Fig. 2.3. Experimental scatter of residual joint strength under moist conditions 
 
To collectively analyse the results from a wide range of tests, joint strengths after exposure 
are normalised with the joint strength prior to exposure. Residual strength, Pres is thus defined 
in Eq. 2.1 as: 
 
sample
res
control
P
P
P
  (2.1) 
where Psample is the joint strength of a sample exposed to environmental conditioning, and 
Pcontrol is the corresponding control sample joint strength under ambient laboratory conditions. 
The residual bond strength is shown as a function of exposure time in Fig. 2.3. Exposure time 
is shown below, by regression analysis using the method of least squares, to be the parameter 
causing the most significant variation in bond strength.  
 The moisture condition is sorted into five categories of test methodology: continuous 
immersion, humidity cycling, wet-dry cycling, and hygrothermal exposures over 31 °C and 41 
°C. In Fig. 2.3, an inverse relationship between residual strength and time exposed is not 
apparent and deterioration of the bond is not generally observed amongst the experimental 
scatter. Regression analysis of data for the moisture condition is presented below, trends 
identified through statistical analysis for all conditions and their figures may be found in Figs. 
S2.1-S2.18. 
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 By observing the changes to the experimental scatter in Fig. 2.3 when plotted based on 
differences in test procedure, the following factors are not able to explain why increases and 
decreases in strength are observed between samples exposed to similar environmental 
conditions: 
 Use of a primer (Fig. S2.1), provided that failure occurs within the concrete or 
adhesive layers. However a primer may be detrimental to the bond if failure occurs 
within that primer (Huang and Ye 2013; Shrestha et al. 2014); 
 Single or double shear test (Fig. S2.2); 
 Type of FRP composite system. While results on glass FRP systems are comparatively 
limited, there is no discernible difference in performance by the selection of either 
carbon FRP pultruded strips or sheets in the moisture condition (Fig. S2.3); 
 Surface preparations method (Fig. S2.4), whether aggregates on the concrete surface 
are exposed through abrasion or a mortar layer is retained; 
 Differences in environmental conditioning regime. Whether the samples are under 
wet-dry cycling, continuous immersion, humidity cycling or wet elevated 
temperatures, strength loss and gain are still observed (Fig. 2.3); 
 Failure layer (Fig. S2.5). 
 Failure shifting from the concrete layer to adhesive layer does not always coincide with 
decreases in joint strength. Benzarti et al. (2011) showed that a more durable adhesive may 
fail in the adhesive layer over time while increasing bond strength. Equally, a durable primer 
may allow for concrete strength to develop over the duration of the test (Shrestha et al. 2014). 
Although mixed failure modes, that is, failures occurring within concrete and adhesive layers 
are still reported. The phenomena may be explained by localised concrete damage, a 
consequence of the heterogeneous nature of concrete and segregation along the bonded 
surface or, an underlying mechanism causing the shift in failure modes. 
 One of the known mechanisms determining bond behaviour is concrete strength 
development. The majority of studies have cast concrete specifically for the purpose of 
immediate testing, which is usually cured for a period of 28 days prior to the attachment of 
FRP. This concrete is therefore in the early stages of maturity and is expected to gain strength 
over the course of testing, at a rate dependent on the conditioning regime. In particular, the 
presence of moisture, is known to accelerate the ongoing hydration process (Wood 1991). 
Despite there being much difference in bond behaviour for a given adhesive, there is 
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substantial data to perform statistical analysis so as to form a general trend of strength loss or 
gain across all types of materials by simple linear regression by the least squares method. 
2.4.1.1.1 Loss of strength 
Firstly, consider cases where a decline in strength is observed (Barger 2000; Pack 2003; Au 
and Büyüköztürk 2006; Gamage et al. 2009; Lai et al. 2009; Kabir et al. 2012; Huang and Ye 
2013; Shi et al. 2013; Shrestha et al. 2014). Isolating these studies from cases of strength gain, 
eliminates the role of durable adhesives, or instances where a control sample underperforms, 
such that a lower bound solution may be provided. Since concrete strength gain is a known 
contributor to the failure mechanism of FRP-to-concrete bonds, all residual strengths may be 
normalised by the expected gain in concrete strength over time. The FIB model (FIB 2013) 
has been chosen for its accuracy in predicting strength gain in available experimental data 
over the full range of exposure time of moisture tests conducted by Wood (1991) (Fig. S2.6). 
Concrete strength over time is estimated from Eq. 2.2, 2.3 and 2.4: 
 
 cm cc cmf t f   (2.2) 
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βcc(t) is a function to describe the strength development over time, and fcm is the mean 
compressive strength of concrete in MPa at 28 days, s is based on strength class of cement, t 
is the concrete age in hours adjusted according to Eq. 2.4, T the exposure temperature and Δti 
number of hours at the prevailing temperature. Assuming that βcc(t) is applicable to both 
cylinder and cube mean compressive strengths, residual strengths with removed concrete 
strength gain may then be given by: 
 
 
cc
sampleP
P t

  (2.5) 
The process for analysis is as follows: Residual joint strengths are first normalised by βcc, then 
data showing a descending trend with time are isolated, within these datasets values P(t) > 1.0 
are omitted and the trend line of each dataset is obtained. The slope of each dataset is then 
varied against reported material properties to identify variance of slope as shown in Fig. 2.4. 
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The slopes are regressed against mean concrete compressive strength in Fig. 2.4(a), modulus 
of elasticity of FRP in Fig. 2.4(b), temperature in Fig. 2.4(c) and modulus of elasticity of the 
adhesive in Fig. 2.4(d), all of which show very poor correlation. Therefore the gradient of the 
trend line cannot be accurately described with any of these relationships. 
 
Fig. 2.4. Trend lines of regressors and their variance under moist conditions 
 
If more than a single regression model in Fig. 2.4 returned high correlations, the regressors for 
each model are regressed against each other to ensure they are not related to each other 
through multicollinearity. Through the process of elimination, the most important factor is 
found to be time under moist conditions and so this is chosen as the predictor variable in the 
regression model. To form a trend line with time alone, data points well outside the spread are 
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removed, in this instance these are found to be tests containing high strength concrete 
(Shrestha et al. 2014). Potential outliers are identified through the use of Cook’s distance 
(Cook 1977), in this case the data points identified relate to time periods which has seen 
limited testing t > 10,000 hours, hence all are retained (Fig. S2.7). The analysis may then 
proceed by considering the remaining samples, which have mean 28 day concrete 
compressive strengths within a range of 29 to 45 MPa. The resulting trend line is shown Fig. 
2.5. 
 
Fig. 2.5. Trend line describing degradation under moist conditions 
 
βcc is then reintroduced to obtain a solution to the mean change in strength with time in terms 
of Pres (Eq. 2.6), then is plotted in Fig. 2.6 along with confidence and prediction intervals, the 
accuracy of the regression model is summarised in Table 2.4.  
 Since deterioration is almost immediate in some instances, but more gradual in others, a 
trend line initiating at a residual strength of 0.828 at equivalent exposure time zero best 
describes the durability of the joint. Laboratory temperatures commonly fall between 20-26 
°C, for the purpose of plotting these results in Fig. 2.6, the lesser of this range, 20 °C is 
chosen for input into Eq. 2.4. 
 
   6m cc0.828 2.43 10P t t     (2.6) 
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The bounds of Eq. 2.6 are: t < 16,128 hours; 20 ˚C < T < 50˚C; 29 MPa < fcm < 45 MPa; 82 
GPa < Ef < 245 GPa. Concrete strengths lower than 29 MPa are more likely to fail exclusively 
in the concrete layer over a longer period of time, failure planes in joints containing high 
strength concrete are expected to lie exclusively within the adhesive layer. While a constant 
degradation of 72.8% is able to include 95% of all data points, the lower bound of the 95% 
prediction interval curve is recommended as a conservative prediction for design purposes 
(Eq. 2.7), where 95% of expected values will lie given that the adhesive used in a practical 
application matches those tested in the available database. 
 
   11 2 6m.95% cc0.629 6.97 10 1.91 10P t t t        (2.7) 
 
Fig. 2.6. Regression analysis of moisture bond tests, T = 20 °C 
 
Table 2.4. Statistics describing distribution of Eq. 2.6 from experimental data 
Statistic Psample/Pm(t) 
Mean 1.00 
Standard deviation 0.120 
COV 0.120 
95% Confidence limits [0.976, 1.24] 
 
To the author’s extended review of the literature, only one strength model has been proposed 
for the moisture condition. The model by Tuakta and Büyüköztürk (2011) describes the 
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exponential decay of fracture energy of degraded joints over a number of wet-dry cycles with 
coefficients specific to a certain type of adhesive as determined by shear and peel tests. It 
requires the computation of initial fracture toughness, a ratio of transient to threshold moisture 
content and experimental parameters specific to a certain type of adhesive. Since Eq. 2.6 
describes global trends across various isolated tests, a comparison cannot be made between 
these solutions. 
2.4.1.1.2 Gain in strength 
Equation 2.6 had considered only tests with a declining slope, however numerous studies 
have reported some degree of joint strength gain over the duration of testing (Barger 2000; 
Pack 2003; Li et al. 2010; Benzarti et al. 2011; Huang and Ye 2013; Aydin et al. 2014; 
Shrestha et al. 2014; Hassan et al. 2015). In these studies, the adhesive has resisted immediate 
adverse effects seen in other adhesives, nevertheless a general downwards trend is still 
observed. Regression analysis reveals very high correlation between mean 28 day concrete 
compressive strengths (Fig. S2.8). Therefore taking the gradient as function of fcm, the role 
compressive strength and the prevalence of the equilibrium point is shown in Fig. 2.7.  
 
Fig. 2.7. Role of concrete strength in loss of joint strength for durable adhesives, T = 20 °C 
 
Although surface preparation is not critical to the durability of the bond (Fig. S2.4), good 
substrate surface preparation is known to increase the short-term bond strength of FRP-to-
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concrete joint (Iovinella et al. 2013). Therefore a good bonding surface will act to translate the 
curve for concrete shear strength in Fig. 2.2 upwards. The implications are that long-term 
durability of FRP-to-concrete joints may be assessed by determining shear strength decline of 
select epoxies bonded concrete under a range of conditions by means of simpler lap shear 
tests or slant shear tests (ASTM 2013c). The following sections containing analysis of various 
environmental conditions, will be shown to support this relationship. 
2.4.1.2 Chemical attack 
Statistical analysis may be applied to assess joint performance under various aqueous 
solutions. Fig. 2.8 shows the experimental scatter of residual strength with time of joints 
exposed to various artificial chemical solutions. Chemical attack is highly influenced by 
reaction type and rate of chemical processes, for this reason the plot is simplified by grouping 
of saltwater exposure to within a range of common sodium chloride concentrations by 
percentage of mass. 
 
Fig. 2.8. Experimental scatter of residual joint strength in the presence of chemicals 
 
2.4.1.2.1 Salt solutions 
Given all the variations in tests investigating chemical attack on bonded joint, limited data on 
a single influence does not allow for comprehensive statistical analysis, but in some cases 
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there is enough data to find meaningful correlations. Firstly, considering all studies that 
include the effect of salt solutions (Mukhopadhyaya et al. 1998; Fava et al. 2007; Abbas 
2010; Pan et al. 2010; Aydin et al. 2014; Hassan et al. 2015), trends indicate that lower 
concentrations may be more detrimental than those of higher concentrations and elevated 
temperatures are more detrimental (Fig. S2.9). The increased rate of chemical processes at 
high temperatures may explain this occurrence. Failure planes have been reported to be within 
the adhesive layer in lower concentrations of 4 and 5% (Mukhopadhyaya et al. 1998; Aydin et 
al. 2014), therefore higher concentrations of salt may be inhibiting chemical processes 
between the adhesive and the saltwater. This is supported by well-established studies (Griffin 
and Henry 1964; Taylor and Kuwairi 1978) that have shown that the addition of salts to 
concrete mix not been detrimental to concrete compressive strengths. 
 These observations are comparable for concentrations above 5% and up to 15% all of with 
no study reporting a loss in strength. Studies on artificial ocean water based on ASTM 
(2013b) is limited, however degradation of the joint is due to use of the less durable glass 
FRP, in contrast to the more durable carbon FRP sheets (Pack 2003). Only one study has 
varied salt concentrations between 3% and 15% showing negligible influence on joint 
strength (Pan et al. 2010), suggesting that the strong correlation with salt% may not be 
interpreted as causation. Evidently more than a single mechanism is attributable to loss of 
joint strength, further research and testing of constituent materials may be able to capture the 
mechanism. 
2.4.1.2.2 Alkaline solutions 
A high degree of variability of joint strength is observed under alkaline solutions. Forming a 
comparison by type of fibre in Fig. S2.10, it is evident that carbon FRP composites have 
much better resistance to alkalinity over glass FRP counterparts, particularly noticeable when 
the same adhesive is used in the presence of calcium carbonate (Homam et al. 2001; Pack 
2003). Amongst instances of strength loss for glass FRP systems, an immediate drop in 
strength occurs followed by gradual decline over the course of testing. Various concentrations 
have been tested: an unknown solution at a pH of 13 (Barger 2000), a calcium carbonate 
solution of pH 9.5 (Pack 2003) and sodium hydroxide solutions of pH 10, 12, and 13.7 
(Homam et al. 2001). Adding to the complexity of these tests is the natural alkalinity of 
concrete which will increase the pH of the solution such that solutions may require 
replenishment after a short amount of time to maintain target pH levels (Aydin et al. 2014). 
Considering only the glass FRP plates, the slope and exposure times are varied, a very high 
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correlation is found with concrete strength, followed by the pH of the solution, then 
temperature (Fig. S2.11). Since there is limited data, multicollinearity between these variables 
does not allow the formulation of an accurate model. Generally, degradation is greater when: 
concrete strengths are below 41 MPa, temperatures are elevated to 37 °C and the pH of the 
solution is raised. 
2.4.1.2.3 Outdoor exposure 
Natural aging by on-site exposure has seen limited testing (Barger 2000; Alfar 2006; Abbas 
2010; Hassan et al. 2015). Despite high seasonal variability, FRP-to-concrete joints generally 
experience little degradation over time with all tests reporting failure within the concrete layer 
up to the tested 8,400 hours of exposure. Unfortunately no investigation has tested a series of 
samples under outdoor conditions at various time intervals and so the results at 8,400 hours 
may simply exhibit good bond performance as the equilibrium point in Fig. 2.2 is yet to be 
reached. 
 One study conducted longer exposure duration than all other bond tests. The study by 
Nishizaki and Kato (2011), subjected carbon FRP sheets to a natural environment for a period 
of 14 years, varying types of primer, putty, adhesive and FRPs amongst the samples. 
Generally a loss in strength is observed and failure planes lie within the concrete layer, with 
the authors indicating a selection of very durable adhesives. However, contributing to these 
failure modes would also be the use of low grade concrete, this cannot be confirmed as 
concrete compressive strength have not been reported. Likewise, and within the same study, a 
series was subjected to continuous immersion for 6 months, exhibiting a loss in strength 
corresponding to failure within the concrete layer. Researchers need to wary that concrete 
strength and its development is critical to failure modes in FRP-bonded joints under non-
thermal exposures, in thermal environmental loading this is not always the case. 
2.4.2 Thermal behaviour 
2.4.2.1 Freeze-thaw cycling 
Conditioning regimes may also emphasise temperature differences to investigate joint 
degradation. Under freeze-thaw cycling, samples are exposed to temperatures below freezing 
then thawed repeatedly. To analyse the collected data, a distinction must be made between 
samples containing air-entrained concrete and those of normal concrete. The expansion of 
water during freezing is known to create internal stresses causing the cracking of concrete 
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(Neville 1996). Damage to concrete in cold environments can thus be limited by means of air-
entrainment during casting and as shown below, is influential in determining bond strength. 
2.4.2.1.1 Air-entrained concrete 
Regression analysis may be applied to the freeze-thaw cycling condition. Each cycle 
represents one period of freezing followed by one period of thawing in either water or air. 
Generally, after repeated cycling, failure planes shift to the adhesive layer (Mukhopadhyaya 
et al. 1998; Green et al. 2000; Dohnálek 2006). Increases in strength (Green et al. 2000) as 
well as decreases in strength (Shi et al. 2013) are observed even in cases where failure 
remains within the adhesive layer. The relative difference between the strength gain of the 
concrete and strength loss of the adhesive governs the location of the failure plane as per the 
relationship in Fig. 2.2. 
 Considering all instances of joint strength loss first (Mukhopadhyaya et al. 1998; Homam 
et al. 2001; Tam 2007; Shi et al. 2013; Hong et al. 2014), it is found that number of cycles to 
which a sample is exposed produces less variance than if compared with total time exposed 
(Fig. S2.12). Then differences in conditioning regimes, such as the intervals between freezing 
and thawing, are accounted for by normalisation with βcc.  
 The result of the regression analysis performed on the air-entrained freeze-thaw condition 
(Eq. 2.8) is plotted in Fig. 2.9 along with confidence and prediction intervals, the accuracy of 
the regression model which are summarised in Table 2.5. To plot the solution in Fig. 2.9, a 
typical freeze-thaw cycle consisting of 12 hours freezing at -18 °C followed by 12 hours 
thawing at 15 °C are chosen for input into Eq. 2.3. 
 
   4a 0.954 7.07 10 ccP c c     (2.8) 
Where c is the number of cycles of bounds: c < 300 cycles; -20 ˚C < T < 40˚C; 35 MPa < fcm < 
44.6. The lower bound of the 95% prediction interval curve is recommended for a 
conservative prediction of residual joint strengths (Eq. 2.9), where 95% of expected values 
will lie provided the select adhesive matches those analysed.  
 
   7 2 4a.95% 0.801 1.91 10 6.43 10 ccP c c c        (2.9) 
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Fig. 2.9. Regression analysis of joint strength for FRP bonded to air-entrained concrete under 
freeze-thaw cycling (1 cycle: 24 hr cycles of -18 to +15 °C) 
 
Table 2.5. Statistics describing distribution of Eq. 2.8 from experimental data 
Statistic Psample/Pa 
Mean 0.993 
Standard deviation 0.0820 
COV 0.0825 
95% Confidence limits [0.962, 1.16] 
 
Where joint strength gain is reported (Mukhopadhyaya et al. 1998; Green et al. 2000; 
Dohnálek 2006; Tam 2007), there is moderate correlation with time exposed whereas 
correlation with number of cycles is poor. Assessment of available data suggests that should a 
durable adhesive be used on air-entrained concrete, joint strength will increase over time seen 
below in Fig. 2.10. One study encompassing both a rising and falling trends, shows the 
difference to be a concrete strength, where higher concrete strength cause the falling trend 
(Mukhopadhyaya et al. 1998), the findings support those of moisture tests. 
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Fig. 2.10. Regression analysis of rising trends in FRP bonded to air-entrained concrete under 
freeze-thaw cycling (1 cycle: 24 hr cycles of -18 to +15 °C) 
 
2.4.2.1.2 Normal concrete 
Concrete substrates without air-entrainment shall be identified here as normal concrete. 
Firstly, considering instances where strength has been lost in the joint, regression analysis 
reveals a poor correlation with all available parameters (Barger 2000; Dohnálek 2006; Hu et 
al. 2007; Subramaniam et al. 2008; Colombi et al. 2010; Li et al. 2010). In general, weak 
correlations exist with parameters of adhesive moduli, free-water/cement ratios, and mean 28 
day concrete compressive strengths, this suggests influence in isolated tests but not across all 
tests. With the omission of tests considering only a very low duration of freeze-thaw exposure 
(Yun 2011), time exposed to freeze-thaw cycling is equally as detrimental to the joint as the 
number of cycles (Fig. S2.13). For consistency with air-entrained analysis above the 
regression model is plotted against the number of cycles in Fig. 2.11. 
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Fig. 2.11. Regression analysis of joint strength for FRP bonded to normal concrete under 
freeze-thaw cycling (1 cycle: 24 hr cycles of -18 to +15 °C) 
 
Table 2.6. Statistics describing distribution of Eq. 2.10 from experimental data 
Statistic Psample/Pn 
Mean 0.968 
Standard deviation 0.134 
COV 0.139 
95% Confidence limits [0.684, 1.25] 
 
The result of the regression analysis performed on the air-entrained freeze-thaw condition 
(Eq. 2.10) is plotted along with confidence and prediction intervals, the accuracy of the 
regression model which are summarised in Table 2.6. 
 
   4n 0.885 4.69 10 ccP c c     (2.10) 
Where c is the number of cycles applicable to the bounds: c < 300 cycles; -18 ˚C < T < 49˚C; 
32 MPa < fcm < 70 MPa; 26 GPa < Ef < 540 GPa. The lower bound of the 95% prediction 
interval curve is recommended for a conservative prediction of residual joint strength (Eq. 
2.11), where 95% of expected values will lie. 
 
   7 2 4n.95% 0.683 8.09 10 3.34 10 ccP c c c        (2.11) 
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It may be well known that damage to concrete under freeze-thaw cycling is expected, 
however a number of tests shown in Fig. 2.12 have reported strength gain with the use of 
normal concrete (Dohnálek 2006; Colombi et al. 2010; Li et al. 2010). Where a study has 
encompassed both rising and falling sets, the marginal difference is the benefit of carbon FRP 
plates over sheets (Colombi et al. 2010). Tests by Dohnálek (2006) across two pultruded 
carbon FRP plates and three adhesives, demonstrates the adhesive to be the determining factor 
of a durable joint in double shear tests. Amongst all tests, lower concrete strengths are 
seemingly more detrimental to the joints ability to gain strength over the duration of available 
tests of 1,980 hours. 
 
Fig. 2.12. Regression analysis of rising trends in FRP bonded to normal concrete under 
freeze-thaw cycling (1 cycle: 24 hr cycles of -18 to +15 °C) 
 
2.4.2.1.3 Comparison between air-entrained concrete and normal concrete 
Fig. 2.13 compares the performance of samples containing air-entrained concrete and normal 
concrete over 300 cycles. Considering the differences in slope of Eq. 2.8 and Eq. 2.10, initial 
benefits of air-entrained concrete will diminish as these models will converge with increased 
freeze-thaw cycling. On average, specimens containing air-entrained concrete perform 3.4% 
better than that of normal concrete over 300 cycles. With repeated exposure, freeze-thaw 
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damage to the adhesive governs performance of the bond conforming to the relationship 
described in Fig. 2.2. 
 
Fig. 2.13. Comparison of joint strength for FRP bonded to air-entrained and normal concrete 
(1 cycle: 24 hr cycles of -18 to +15 °C) 
 
2.4.2.1.4 Chemical attack under freeze-thaw cycling 
Freeze-thaw cycling under salt solutions generally is more detrimental than the effects of 
moisture alone. This is consistent with previous findings on freeze-thaw damage to concrete 
maintained under salt solutions (Sun et al. 2002). Limited data also reveals that salt solutions 
are equally detrimental to joints with or without air-entrained concrete (Dohnálek 2006; Yun 
and Wu 2011). However, analysis reveals that 4% salt solutions are distinctly more 
detrimental than that of 3% salt solutions (Fig. S2.14), a phenomena that is consistent with 
salt scaling effects on concrete (Verbeck and Klieger 1957). Where there exists a 
concentration of salt where damage by scaling is most severe and any concentration below or 
higher is not as severe. Freeze-thaw cycling under acidic or alkaline solutions, from a single 
study (Barger 2000), suggests that changes to pH are marginally more detrimental to carbon 
FRP sheets than are to glass FRP sheets.  
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2.4.2.2 Elevated temperatures 
A clear distinction must be made of test temperatures less than or exceeding glass transition 
temperatures, of not only the epoxy adhesive, Tg.a but also the polymer housing the fibres, Tg.f. 
It is well known that temperatures in excess of the glass transition cause significant and 
permanent changes to the polymer matrix at a molecular level, though fibres within the matrix 
are known to withstand temperature up to 2,000 °C (Wang et al. 2011). 
2.4.2.2.1 Steady elevated temperature below Tg.a 
Elevated temperature exposure, often referred to as dry heat exposure, consists of keeping 
specimens above room temperature for short periods of time and then testing at that 
temperature (Blontrock et al. 2002; Wu et al. 2004; Cai 2008: cited in Dai et al. 2013; Leone 
et al. 2009; Adelzadeh 2013) or within 15 minutes of removal (Klamer 2009). Longer periods 
of time under heat exposure have also been tested (Pack 2003). Assuming adequate time for 
convection, results from shear testing conducted at or shortly after exposure are shown in Fig. 
2.14. The influence of elevated temperature is in reference to a respective control sample 
under ambient laboratory within a typical range of 20-26 °C. 
 
Fig. 2.14. Experimental scatter of residual strengths under elevated temperature 
 
Analysis of specimen joint strengths under elevated temperatures is conducted by eliminating 
test temperatures beyond the commonly occurring in-service temperatures above 60 °C. 
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Amongst all available tests, regardless of FRP type, adhesive type, or duration under heating, 
concrete layer failure is the governing failure mode. This is explained by the fact that while 
concrete does mature sooner with increased temperature, it is also weaker when loaded at 
these elevated temperatures. Mean concrete compressive strength and tensile strength of 
concrete are expected to fall 12% and 20% (Eq. 2.12) respectively under exposure to 
temperatures of 60 °C (FIB 2013) thus failure within the concrete layer can be explained 
provided the adhesive is relatively less affected. 
 
 cm 1.06 0.003f T T   (2.12) 
The sharp decline in strength at 60 °C in Fig. 2.14 may be partly explained by the fact that the 
reported glass transition temperatures for a plate or adhesive is not discrete (ASTM 2013a).  
 There a number of important findings in isolated tests, most significantly the role of the 
type of adhesive has been found to be paramount to the durability of the bond (Wu et al. 
2004). When an identical adhesive is used across varying FRP types, bonding carbon FRP 
plates or sheets exhibit far superior performance over glass FRP sheets (Pack 2003). For 
carbon FRP systems, regression analysis shows that three factors are of particular importance 
(Fig. S2.15). Lower concrete strengths, and lower temperatures are more detrimental to the 
bond. The third notable relationship is the difference between Tg.f - Tg.a, results from the 
analysis suggest that prior to exceedance of either glass transition temperature, having a Tg.a 
greater than Tg.f is more beneficial to bond performance, meaning that when Tg.f is exceeded, 
stresses are still able to be effectively transferred to fibres. Since the data is limited, strong 
multicollinearity between these variables does not allow for an accurate regression model 
incorporating these characteristics. 
 Rather, a conservative solution may thus be obtained for temperatures below the glass 
transition by observing studies containing carbon FRP that showing trends of declining bond 
strength (Leone et al. 2009; Adelzadeh 2013), residual strengths normalised by the change in 
concrete compressive strength with temperature. Since concrete strength is important to all 
joints, cases where it has not been reported (Wu et al. 2004) or where exposure is prolonged 
(Pack 2003) have been omitted from the analysis. The equation for the model is given in Eq. 
2.13 and plotted in Fig. 2.15 along with confidence and prediction intervals, the accuracy of 
the regression model which are summarised in Table 2.7. 
 
   4 cm.t0.982 5.76 10eP T T f    (2.13) 
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fcm.t is the mean concrete compressive strength as determined by Eq. 2.12, and T is the 
temperature applicable to the bounds: 20 ˚C < T < 60 ˚C; 30 MPa < fcm < 41 MPa; 165 GPa < 
Ef < 226 GPa. The lower bound of the 95% prediction interval curve is recommended for a 
conservative prediction (Eq. 2.14), where 95% of expected values will lie. 
 
   5 2 3e.95% cm.t0.830 2.12 10 2.60 10P T T T f       (2.14) 
 
Fig. 2.15. Regression analysis of joint strength under temperatures below Tg.a 
 
Table 2.7. Statistics describing the distribution of Eq. 2.13 from experimental data 
Statistic Psample/Pe 
Mean 1.10 
Standard deviation 0.0772 
COV 0.0703 
95% Confidence limits [0.901, 1.30] 
 
2.4.2.2.2 Steady elevated temperature above Tg.a 
The analysis is repeated for elevated temperatures exceeding the glass transition temperature 
or heat deflection temperature of the adhesive (Blontrock et al. 2002; Wu et al. 2004; Cai 
2008: cited in Dai et al. 2013; Foster and Bisby 2008; Klamer 2009; Leone et al. 2009; 
Adelzadeh 2013). Tests imposing fire conditions on FRP-to-concrete joints are omitted, tests 
designed for assessing durability are considered only. Of these tests failure along the bond 
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line is reported to be exclusively within the adhesive layer, other modes of failure such as 
prism failure or splitting of concrete substrate are omitted (Petkova 2010). In contrasts to tests 
below Tg.a, poor correlation is found with concrete strength (Fig. S2.16) and behaviour of the 
joint is instead highly dependent on the adhesive behaviour. 
 Fig. 2.16 illustrates joint strength degradation with elevated temperatures in excess of 
glass transition temperature. The subtraction T-Tg.a °C along the abscissa is necessary to 
normalise varying adhesive types with individual glass transition temperatures. Instances of 
failure by FRP rupture are removed as this failure mode does not provide insight into the bond 
(Leone et al. 2009). In general, immediate loss of joint strength is evident within 0 to 50 °C 
above the glass transition temperature, followed by a severe drop in strength in excess of 100 
°C above Tg.a, these trends are comparable to the degradation of FRP coupon elastic moduli 
under high temperatures. Material states and transitions are described by Bai et al. (2008), the 
polymer undergo transition from initial glassy state prior to exceedance of Tg.a, to a leathery 
state, followed by rubbery state to an eventual decomposed state. By graphical assessment, 
approximate positions of polymer transition with temperature are indicated in Fig. 2.16. 
 
Fig. 2.16. Experimental scatter of joint strength in temperatures in excess of Tg.a 
 
Increases in strength are the result of the use of low concrete strengths (Klamer 2009), or 
possibly due to an underperforming control sample. The ability of the adhesive to sustain 
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load, and transfer stress to externally bonded composites is severely compromised, limiting 
the effectiveness of the strengthening system. A regression model may be formed once it is 
evident that transition from glass state has occurred. This is graphically noticeable as 
occurring at approximately a 60% loss of strength. The equation for the model is given in Eq. 
2.15 and plotted in Fig. 2.17 along with confidence and prediction intervals, the accuracy of 
the regression model which are summarised in Table 2.8. 
 
   3g g0.453 2.40 10P T T T     (2.15) 
where T is the temperature applicable to the bounds: 0 ˚C < (T-Tg.a) < 250 ˚C; 32 MPa < fcm < 
71 MPa; 73 GPa < Ef < 235 GPa. The lower bound of the 95% prediction interval curve is 
recommended for a conservative prediction (Eq. 2.16), where 95% of expected values will lie 
given that the adhesive used in a practical application matches those tested in the available 
database. 
 
     
2
6 3
g.95% g g0.276 1.18 10 2.29 10P T T T T T
         (2.16) 
 
Fig. 2.17. Regression analysis of joint strength under temperatures in excess of Tg.a  
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Table 2.8. Statistics describing the distribution of Eq. 2.15 from experimental data 
Statistic  Psample/Pg 
Mean 1.21 
Standard deviation 0.534 
COV 0.447 
95% Confidence limits [0.103, 2.32] 
 
Recent publications describing durability of bonded joints under elevated temperatures, do so 
through full range strength and bond-slip models (Gao et al. 2012; Dai et al. 2013; Biscaia et 
al. 2015). These models require input of thermal coefficients of expansion of FRP and 
concrete and regressed parameters describing strain-delta relationship obtained from 
instrumented strain gauges for individual samples. Since Eq. 2.15 describes global trends 
across various tests, a comparison cannot be made between these solutions. Clear trends of 
permanent damage to the bond identified from the regression analyses above are summarised 
in Table 2.9. 
Table 2.9. Summary of observed trends in durability testing 
Exposure Range
a
 Trend Failure Remarks 
Moisture Continuous immersion 
Wet-dry cycling 
Hygrothermal exposures 
up to 50 °C 
 
Immediate loss followed by 
gradual decline 
Adhesive Concrete 
strength 
development 
is important 
Salt solutions 3% NaCl to 15% NaCl 
Substitute oceanwater 
Lower concentrations are more 
detrimental. Concentrations above 
5% have little to no effect on 
strength 
Adhesive Better 
performance 
in carbon 
FRP bonded 
specimens 
 
Alkaline 
solutions 
pH 9.5 to 13.7 Degradation is more apparent 
with lower concrete strength, 
higher temperatures and higher 
solution pH. Immediate loss 
followed by a gradual loss 
 
Adhesive Degradation 
only evident 
in glass FRP 
bonded 
specimens 
Freeze-thaw 
cycling using air-
entrained 
concrete 
-20 to 40 °C Marginally less degradation than 
samples containing normal 
concrete 
Adhesive Number of 
cycles more 
detrimental 
than total 
time of test 
 
Freeze-thaw 
cycling using 
normal concrete 
-18 to 49 °C Gradual loss in strength is equally 
detrimental with the number of 
cycles and total time exposed 
Concrete Better 
performance 
in carbon 
FRP bonded 
specimens 
 
Elevated 
temperatures 
below adhesive 
glass transition 
Loading at temperatures 
between 20 to 60 °C 
Minor loss in strength with 
elevated temperature. 
A lower concrete strength is 
deleterious to the bond. 
Concrete Better 
performance 
in carbon 
FRP bonded 
specimens 
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Elevated 
temperatures 
above adhesive 
glass transition 
temperature 
Up to 250 °C above the 
adhesive glass transition 
temperature 
Immediate loss followed by 
severe loss in strength at 100 °C 
above glass transition 
Adhesive Concrete 
strength is 
not 
significant 
Note: 
a
Range: The range shown indicates only notable influential parameters. These are further limited by the bounds 
of tests results from which the trends were obtained. 
2.4.3 Other testing conditions 
All previous categories included multiple studies for one type of environmental conditioning 
regime. Other environmental conditions have received less attention, these are summarised in 
Table 2.10. In general, these findings reaffirm that generally carbon FRPs outperform glass 
FRPs. Failure occurring within the concrete layer remains as the dominant failure mode for 
most conditions tested. 
Table 2.10. Summary of studies containing other test conditions investigating bond durability 
Exposure Test conditions Strength Failure Remarks Reference 
Acid 
solutions 
Sulphuric acid, H2SO4 
solution of pH 4 for 
1,344 hours. 
Unspecified acids of 
pH 3 for 2,016 hours 
 
Up to 20% 
decline 
Concrete and 
adhesive 
layers 
Any concentration 
is known to be 
deleterious to 
concrete (Raju and 
Dayaratnam 1984). 
(Barger 
2000; Aydin 
et al. 2014) 
Ambient 
laboratory 
CFRP bonded samples 
remain in laboratory 
conditions durations 
up to 4,080 hours 
Up to 33% 
decline 
Concrete, 
adhesive and 
Primer layers 
Generally failure 
within concrete 
layer unless a non-
durable primer has 
been used (Huang 
and Ye 2013) 
 
(Abbas 2010; 
Huang and 
Ye 2013; 
Hassan et al. 
2015) 
Artificial 
weathering 
One weathering cycle 
consisting 50 freeze 
thaw cycles, 120 
thermal cycles, 60 
relative humidity 
cycles and UV 
exposure 
 
Up to 49% 
decline 
Concrete and 
adhesive 
layers 
Study is 
supplemented by 
flexural testing 
(Ekenel and 
Myers 2007) 
Diesel fuel 4 hours exposure at 22 
°C 
Up to 11% 
decline 
Generally 
concrete layer, 
some within 
adhesive layer 
More adverse 
effect to GFRP 
sheets than to 
CFRP composites 
 
(Pack 2003) 
Freeze-heat 
cycling 
Freezing at -20 to -
17.8 °C, followed by 
thawing at elevated 
temperature from 38 to 
40 °C 
Strength loss 
up to 21% in 
samples 
containing 
glass FRP 
sheets 
Adhesive layer 
and concrete 
layer 
CFRP outperform 
GFRP sheets. 
Strength loss 
evident only in 
samples containing 
GFRP 
 
(Homam et 
al. 2001; 
Pack 2003) 
Sub-zero 
temperatures 
16 hours in -20 °C Up to 23% 
decline 
Failure within 
the concrete 
layer 
Similar results 
across 2 concrete 
strengths 
 
(Klamer 
2009) 
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Sulphate 
attack wet-
dry cycling 
 
7% Na2SO4 solution at 
room temperature. 
2.5% Na2SO4 and 
2.5% MgSO4 at 40 °C 
Up to 15%-
36% decline 
Concrete layer Samples contained 
CFRP or GFRP 
plate outperform 
those of CFRP 
sheets 
 
(Al-Rousan 
et al. 2013; 
Zhou et al. 
2015) 
Thermal 
cycling 
Temperature cycling 
between 30 °C and 40 
°C at two cycles per 
day 
Up to 5% gain Concrete layer GFRP and CFRP 
sheet gain strength 
(Kabir et al. 
2012) 
 
2.4.3.1 Sustained loading 
All previous tests carried the assumption that FRP strengthened concrete members are not 
subject to service loads during environmental exposure, thereby assessing only permanent 
damage to FRP-to-concrete joints over time. There have also been substantial investigations 
into the synergistic effects of sustained loading with a number of environmental conditioning 
regimes (Barger 2000; Tam 2007; Gamage et al. 2009; Abbas 2010; Shi et al. 2013; Hassan et 
al. 2015).  
 Fig. 2.18 shows the results of each study normalised against its corresponding control 
sample. For comparison across multiple studies, the control sample must be tested under 
ambient laboratory conditions without being subject to any sustained load. Tests by Al-Safy et 
al. (2013) and Al-Tamimi et al. (2014) do not contain these types of control samples so cannot 
be used for comparison, however a number of significant findings have been reported. Al-
Tamimi et al. (2014) showed that carbon FRP-to-concrete joints under 15-25% sustained 
loads generally gain strength over three months regardless of holding samples in an ambient 
environment, outdoor environment or continually immersed in a salt solution. Al-Safy et al. 
(2013) showed that with elevated temperatures and ramped humidity under 30-40% sustained 
loads, joint strength becomes highly dependent on the primer layer.  
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Fig. 2.18. Experimental scatter of FRP-to-concrete joints under the combined effects of 
sustained load and environmental conditioning 
 
Likewise, the control specimens used by Abbas (2010) have inadvertently failed by splitting 
of the concrete substrate. However, the findings are significant since ambient laboratory 
exposure, outdoor exposure, high humidity, temperature cycles, elevated temperatures, and 
salt concentrations of 4 and 8% within a sustained load range of 20-50% have all been tested. 
In general, it is reported that there is high dependence of elevated temperature on salt damage, 
good outdoor performance but most notable is the high incidence of failure during 
conditioning prior to single shear testing. 
 The premature failure of the specimens during conditioning and prior to monotonic testing 
is also prevalent in tests by Gamage et al. (2009) and coincides with failure within the 
adhesive and at either the FRP/adhesive or adhesive/concrete interface. The results tend to 
show that elevated temperature is the primary factor causing premature failure, but it alone 
does not cause premature failure, rather it occurs when the condition regime contains an 
elevated temperature above 40 °C in combination with a sustained load in excess 20% of the 
ultimate load. Abbas (2010) was also able to show that the presence of a 4% NaCl solution 
can reduce both the temperature and sustained load to which the premature failure occurs. 
Designers need to be wary of premature failure of the bond prior to testing commonly 
occurring at sustained loads at or in excess of 20% of the ultimate load for a control sample 
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and it may thus be avoided with use of an adhesive capable of resisting shear stresses under 
elevated temperatures. Over the exposure durations of 4,032 hours, an accurate regression 
model is not possible due to the many parameters that change with level of sustained load. 
2.4.3.2 Pre-conditioning 
Most studies on the durability of FRP-to-concrete joints have only been carried out on 
undamaged concrete with environmental conditioning regimes following the attachment of 
FRP. Practical applications of externally bonded strengthening systems are more than likely 
to be applied to existing structures. Environmental impacts on the concrete substrate prior to 
FRP attachment are herein referred to as pre-conditioning. 
2.4.3.2.1 Non-thermal behaviour 
Alfar (2006) subjected concrete substrates to 9.6% salt solutions for a duration of 4 months. 
FRP was then attached with three different adhesives. Following 12 months of conditioning in 
the salt solutions post attachment, all samples exhibited increase in bond strength over time 
with failure being reported to be within the concrete layer. Al-Rousan et al. (2013) 
investigated the effect of cyclic exposure of concrete substrates to sulphate solutions prior to 
or after the application of FRP under elevated temperatures. Across varying bonded lengths, 
widths and number of cycles, pre-conditioning is found to be slightly more detrimental than 
post-conditioning (Fig. S2.17). Failure planes are exclusively within the concrete layer, 
changes to bonded length or widths are shown to have no major influence on joint strength. 
2.4.3.2.2 Thermal behaviour 
Haddad et al. (2013) attached carbon FRP sheets to heat-damaged substrates consisting two 
grades of normal concrete and one grade of lightweight concrete. Substrates were conditioned 
under temperatures of 300-600 °C, and FRP bonded over three bonded lengths 50, 100 and 
150 mm. Failure is shown to occur within the concrete layer with specimens containing 
lightweight concrete marginally outperforming normal concrete. Hu et al. (2007) investigated 
the impact of pre and post-conditioning freeze-thaw degradation behaviour of glass and 
carbon FRP sheets bonded to concrete. Regardless of type of FRP or adhesive, results show 
post-conditioning to be marginally more detrimental to the bond with all failure modes lying 
within the concrete layer (Fig. S2.18). When the effects of pre and post-conditioning are 
considered it is apparent that damage to the concrete substrate governs the performance of the 
joint. Thus pre and post-conditioning tests reaffirm the relationship described in Fig. 2.2. 
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2.5 Conclusions 
The study set out to collate, categorise and review 20 years of experimental research in the 
durability of FRP-to-concrete joints for the purpose of extracting bond properties by 
numerical methods. The lack of common methodologies, common materials and limited test 
information is shown to produce a high degree of experimental scatter across all tested 
conditions when collectively assessed. Most notably, reports of both strength gain and 
strength loss have been reported by tests under similar environmental conditions. All test 
results have been reviewed and major limitations highlighted, in particular, the extension of 
the effective bond length under environmental conditions in which it has been shown that 
single or double-shear tests require sufficiently long bonded lengths to capture full strain 
development to describe the full range of bond behaviour. For this reason, only indications of 
changes to bond strength are possible. Then, through the use of a regression analysis, factors 
contributing to the instances of joint strength gain and loss across a range of studies 
previously only considered in isolation are revealed. 
 Generally, type of FRP composite, test setup, surface preparation method or presence of a 
primer cannot explain the high degree of experimental scatter in reported joint strengths. 
Instead a simple relationship between concrete strength gain and gradual loss in the 
adhesive’s ability to transfer shear stresses over time is able explain contradictory cases of 
strength gain, strength loss and variation of failure modes. Notably, failure within the 
adhesive layer, contradictory to design principles, may allow for the durability of adhesively 
bonded joints to be determined by isolating the adhesive/concrete interface with alternative 
testing procedures such as slant shear tests or single-lap adhesive/concrete joints. The 
majority of single and double shear tests collected for this study, are thus, inadvertently, tests 
of the adhesive’s ability to resist environmental degradation than as tools for characterising 
behaviour of FRP-to-concrete joints in structural elements. With the available information, 
conservative lower bound solutions for predicting the deterioration of FRP-to-concrete joints 
are presented which require only minimal and commonly reported inputs of test durations, test 
temperatures and adhesive glass transition temperatures. The models can describe the 
degradation of strength across the most commonly tested environments; moist, freeze-thaw 
and thermal exposure. 
 Future studies investigating long-term joint performance by shear bond testing should be 
wary of concrete strength development over test duration, ensure adequate bonded length to 
allow elongation and quantification of the effective bond length, avoid undesirable failure 
 49 
 
modes of primer failure, FRP rupture or prism failure by sound design and report results in a 
context suitable for assessing the degraded performance of existing FRP-strengthened 
reinforcement concrete elements. 
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2.7 Notation 
The following symbols are used in this paper: 
D  
= Cook’s distance; 
fE  = modulus of elasticity of FRP composite; 
cmf  = mean compressive strength; 
 cmf t  = mean concrete compressive strength at various stages; 
 cmf T  
= mean concrete compressive strength at various temperatures; 
L  = bonded length; 
critL  = critical bonded length; 
n
 
= number of data points analysed; 
P  = applied load; 
controlP  = unconditioned sample joint strength; 
ICP  
= intermediate crack debonding resistance; 
sampleP  = conditioned sample joint strength; 
 P t  = residual strength normalised by strength development coefficient; 
 50 
 
 aP c  = residual strength of joints containing air-entrained concrete subjected to freeze-
thaw cycles; 
 a.95%P c  = lower bound 95% prediction of residual strength for joints containing air-
entrained concrete subjected to freeze-thaw cycles; 
 eP T  
= residual strength of joints in elevated temperatures below the glass transition 
temperature of the adhesive; 
 e.95%P T  
= lower bound 95% prediction of residual strength for joints in elevated 
temperatures below glass transition temperature of the adhesive; 
 gP T  = residual strength of joints in elevated temperatures excess of glass transition 
temperature of the adhesive; 
 g.95%P T  = lower bound 95% prediction of residual strength for joints under elevated 
temperatures excess of glass transition temperature of the adhesive; 
 mP t  = residual strength over time under moist conditions; 
 m.95%P t  = lower bound 95% prediction of residual strength over time for moist 
conditions; 
 nP c  
= residual strength of joint containing normal concrete subjected to freeze-thaw 
cycles; 
 n.95%P c  
= lower bound 95% prediction of residual strength of a joint containing normal 
concrete subjected to freeze-thaw cycles; 
resP  
= residual strength; 
s
 
= coefficient dependent on strength class of concrete; 
salt%
 
= concentration of salt solution in per cent by mass % w/w; 
T
 
= temperature; 
g.aT  
= glass transition temperature of the adhesive; 
g.fT  
= glass transition temperature of the FRP; 
t
 
= time in hours; 
Tt  
= temperature adjusted concrete age; 
x
 
= regressor for trend line y; 
y  = trend line for dataset; 
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 cc t  
= coefficient describing strength development of concrete with time; 
it  
= time in hours at prevailing temperature; 
1δ  
= slip at ; 
maxδ  
= slip at initiation of debonding; 
τ  
= shear bond stress; and 
maxτ  = maximum shear bond stress. 
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Fig. S2.1. Influence of primers on joint strength under moist conditions 
 
 
Fig. S2.2. Influence of type of shear test on joint strength under moist conditions 
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Fig. S2.3. Influence of type of FRP composite system on bond strength under moist 
conditions 
 
 
Fig. S2.4. Influence of surface preparation method on joint strength under moist conditions 
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Fig. S2.5. Influence of failure mode on joint strength under moist conditions 
 
 
Fig. S2.6. Accuracy of chosen concrete strength development model with experimental data 
over commonly tested durations in bond tests. Data points indicate change in compressive 
strength for concrete of type 1 cement, containing water/cement ratio 0.53, moist cured in 23 
°C water bath. 
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Fig. S2.7. Six potential outliers, data points falling outside the D > 4/n threshold, are 
identified under moist conditions using Cook’s Distance but not removed from the regression 
analysis 
 
 
Fig. S2.8. Influence of mean 28 day concrete compressive strength in cases where strength 
gain is observed under moisture conditions 
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Fig. S2.9. Trend lines and their variance for samples exposed to salt solutions. Parameters 
regressed with dataset slope are: solution salt concentration (a), solution temperature (b), 
modulus of elasticity of the FRP (c) and mean concrete compressive strength at 28 days (d). 
Salt%, elevated temperatures, and modulus of elasticity of the FRP are identified to be 
strongly correlated to joint strength. 
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Fig. S2.10. Influence of alkaline solutions on joint strength by type of FRP 
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Fig. S2.11. Trend lines and their variance for samples containing glass FRP exposed to 
alkaline solutions. Parameters regressed with dataset slope are: solution temperature (a), mean 
28 day concrete compressive strength (b) solution pH. Concrete strength is identified to be 
strongly correlated to joint strength 
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Fig. S2.12. Better correlation with number of cycles (a) than total time exposed (b) for freeze-
thaw damage for samples containing air-entrained concrete 
 
 
Fig. S2.13. Negligible difference between correlation with number of freeze-thaw cycles (a) 
and total time exposed (b) for samples containing normal concrete 
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Fig. S2.14. Trend line and variance for samples exposed to freeze-thaw cycling under salt 
solutions 
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Fig. S2.15. Trend lines and their variance for carbon FRP bonded samples exposed to 
elevated temperatures below glass transition. Parameters regressed with dataset slope are: 
concrete compressive strength (a), temperature (b) and difference between adhesive and FRP 
transition temperatures (c). 
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Fig. S2.16. Influence of mean concrete compressive strength at 28 days on joint strength 
when temperatures are in excess of Tg.a 
 
 
Fig. S2.17. Pre-conditioning is marginally more detrimental than post-conditioning under 
cyclic acid exposure (Al-Rousan et al. 2013) 
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Fig. S2.18. Post-conditioning is marginally more detrimental than pre-conditioning under 
freeze-thaw cycles (Hu et al. 2007) 
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2.10 Supplementary table 
Table S2.1. Shear test database of externally bonded FRP-to-concrete joints under environmental conditions 
Reference and 
other details Specimen IDa 
Surface 
prep. 
methodb 
Geometryc 
Test 
typed 
Conditioning/exposure 
Substrate FRP 
Cycles 
Temperature 
Humidity 
Duration Details 
D 
(mm) 
b 
(mm) 
L 
(mm) 
No. 
plies 
bonded 
length 
(mm) 
ta 
(mm) tf (mm) 
bf 
(mm) On Off On Off Concentration, rate etc. 
Mukhopadhyaya 
et al. (1998) 
A-Control i G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
A-Control ii G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
A-Control iii G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
A-WD i G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
A-WD ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
 A-WD iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
 A-FT i G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
Air entrained 
concrete 
A-FT ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
A-FT iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
A-Dual i G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
7% A-Dual ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
w/c =0.57 A-Dual iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
 B-Control i G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
 B-Control ii G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
 B-Control iii G 100 100 300 1 200 1.5 3.5 90 DLS 0 Ambient  Ambient   No exposure    
 B-WD i G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
 B-WD ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
 B-WD iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT RT  1wk 1wk 5% NaCl Wet-dry   
 B-FT i G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
 B-FT ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
 B-FT iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 -17.8 20  6h 6h Freeze thaw air 2cycle/day   
 B-Dual i G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
 B-Dual ii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
 B-Dual iii G 100 100 300 1 200 1.5 3.5 90 DLS 18 RT  -17.8 to 20  1wk 1wk 1wkNaCl wet, 1 wk FT -17.8to20  
                       
Barger (2000) G-Control 1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   0  G-Control 1    
G-Control 2 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   0  G-Control 2    
 G-ph3-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   0  pH3 Immersion   
Primer all G-ph3-1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   1mo  pH3 Immersion   
 G-ph3-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   3mo  pH3 Immersion   
Material properties 
Results  
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1.25 mm agg G-ph13-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   0  pH 13 Immersion   
G-ph13-1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   1mo  pH 13 Immersion   
 G-ph13-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   3mo  pH 13 Immersion   
 G-FT-ph3-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 49 -11 0-95 4d 1d FT pH 3    
 G-FT-ph3-1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 5.6 49 -11 0-95 4d 1d FT pH 3    
 G-FT-ph3-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 16.8 49 -11 0-95 4d 1d FT pH 3    
 G-FT-ph13-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 49 -11 0-95 4d 1d FT pH 13    
 G-FT-ph13-1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 5.6 49 -11 0-95 4d 1d FT pH 13    
 G-FT-ph13-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 16.8 49 -11 0-95 4d 1d FT pH 13    
 G-FT-0-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 49 -11 0-95 4d 1d FT water    
 G-FT-0-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 5.6 49 -11 0-95 4d 1d FT water    
 G-FT-0-9 - 102 102 102 1 50.8 - 0.6 31.8 DLS 50.4 49 -11 0-95 4d 1d FT water    
 G-FT-25-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 49 -11 0-95 4d 1d FT 25% sustained   
 G-FT-25-1 - 102 102 102 1 50.8 - 0.6 31.8 DLS 5.6 49 -11 0-95 4d 1d FT 25% sustained   
 G-FT-25-3 - 102 102 102 1 50.8 - 0.6 31.8 DLS 16.8 49 -11 0-95 4d 1d FT 25% sustained   
 G-W-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   0  Water immersion   
 G-W-5 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   5mo  Water immersion   
 G-W-9 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 RT   9mo  Water immersion   
 G-out-0 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 -   0  Outdoor - West Virginia   
 G-out-8 - 102 102 102 1 50.8 - 0.6 31.8 DLS 0 -   8mo  Outdoor - West Virginia   
 C-control 1 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  C-control 1    
 C-control 2 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  C-control 2    
 C-control 3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  C-control 3    
 C-ph3-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  pH3 Immersion   
 C-ph3-1 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   1mo  pH3 Immersion   
 C-ph3-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   3mo  pH3 Immersion   
 C-ph13-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  pH 13 Immersion   
 C-ph13-1 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   1mo  pH 13 Immersion   
 C-ph13-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   3mo  pH 13 Immersion   
 C-FT-ph3-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 49 -11 0-95 4d 1d FT pH 3    
 C-FT-ph3-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 5.6 49 -11 0-95 4d 1d FT pH 3    
 C-FT-ph3-5 - 102 102 102 1 50.8 - 0.11 31.8 DLS 28 49 -11 0-95 4d 1d FT pH 3    
 C-FT-ph3-9 - 102 102 102 1 50.8 - 0.11 31.8 DLS 50.4 49 -11 0-95 4d 1d FT pH 3    
 C-FT-ph13-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 49 -11 0-95 4d 1d FT pH 13    
 C-FT-ph13-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 5.6 49 -11 0-95 4d 1d FT pH 13    
 C-FT-ph13-5 - 102 102 102 1 50.8 - 0.11 31.8 DLS 28 49 -11 0-95 4d 1d FT pH 13    
 C-FT-ph13-9 - 102 102 102 1 50.8 - 0.11 31.8 DLS 50.4 49 -11 0-95 4d 1d FT pH 13    
 C-FT-0-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 49 -11 0-95 4d 1d FT water    
 C-FT-0-1 - 102 102 102 1 50.8 - 0.11 31.8 DLS 5.6 49 -11 0-95 4d 1d FT water    
 C-FT-0-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 16.8 49 -11 0-95 4d 1d FT water    
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 C-FT-25-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 49 -11 0-95 4d 1d FT 25% sustained   
 C-FT-25-1 - 102 102 102 1 50.8 - 0.11 31.8 DLS 5.6 49 -11 0-95 4d 1d FT 25% sustained   
 C-FT-25-3 - 102 102 102 1 50.8 - 0.11 31.8 DLS 16.8 49 -11 0-95 4d 1d FT 25% sustained   
 G-W-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  Water immersion   
 G-W-5 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   5mo  Water immersion   
 G-W-9 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   9mo  Water immersion   
 G-out-0 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   0  Outdoor - West Virginia   
 G-out-8 - 102 102 102 1 50.8 - 0.11 31.8 DLS 0 RT   8mo  Outdoor - West Virginia   
                       
Green et al. 
(2000) 
B0-S-1 SB 150 150 400 1 300 - 1.2 50 SLS 0 Ambient  Ambient   No exposure    
B0-S-2 SB 150 150 400 1 300 - 1.2 50 SLS 0 Ambient  Ambient   No exposure    
B0-S-3 SB 150 150 400 1 300 - 1.2 50 SLS 0 Ambient  Ambient   No exposure    
Air entrained 
concrete 
B50-S-1 SB 150 150 400 1 300 - 1.2 50 SLS 50 -18 15  16h 8h Freeze air, thaw water   
B50-S-2 SB 150 150 400 1 300 - 1.2 50 SLS 50 -18 15  16h 8h Freeze air, thaw water   
B50-S-3 SB 150 150 400 1 300 - 1.2 50 SLS 50 -18 15  16h 8h Freeze air, thaw water   
 B150-S-1 SB 150 150 400 1 300 - 1.2 50 SLS 150 -18 15  16h 8h Freeze air, thaw water   
 B150-S-2 SB 150 150 400 1 300 - 1.2 50 SLS 150 -18 15  16h 8h Freeze air, thaw water   
 B150-S-3 SB 150 150 400 1 300 - 1.2 50 SLS 150 -18 15  16h 8h Freeze air, thaw water   
 B300-S-1 SB 150 150 400 1 300 - 1.2 50 SLS 300 -18 15  16h 8h Freeze air, thaw water   
 B300-S-2 SB 150 150 400 1 300 - 1.2 50 SLS 300 -18 15  16h 8h Freeze air, thaw water   
 B300-S-3 SB 150 150 400 1 300 - 1.2 50 SLS 300 -18 15  16h 8h Freeze air, thaw water   
                       
Homam and 
Sheikh (2001) 
Conrol-7 SB 75 75 263 1 100 - 1.04 25 DLS 0 22  50 0  Control    
Temp-7 SB 75 75 263 1 100 - 1.04 25 DLS 28 -20 40  6h 6h Thermal cycling, 4cycles/day  
Ph10-7 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   168  Alkali NaOH pH 10   
Ph12-7 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   168  Alkali NaOH pH 12   
 Ph14-7 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   168  Alkali NaOH pH 13.7   
 Conrol-14 SB 75 75 263 1 100 - 1.04 25 DLS 0 22  50 168h  Control    
Air entrained 
concrete 
Temp-14 SB 75 75 263 1 100 - 1.04 25 DLS 56 -20 40  6h 6h Thermal cycling, 4cycles/day  
Ph10-14 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   336  Alkali NaOH pH 10   
Ph12-14 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   336  Alkali NaOH pH 12   
 Ph14-14 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   336  Alkali NaOH pH 13.7   
 Conrol-28 SB 75 75 263 1 100 - 1.04 25 DLS 0 22  50 336  Control    
Super plasticizer Temp-28 SB 75 75 263 1 100 - 1.04 25 DLS 112 -20 40  6h 6h Thermal cycling, 4cycles/day  
Ph10-28 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   672  Alkali NaOH pH 10   
 Ph12-28 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   672  Alkali NaOH pH 12   
 Ph14-28 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   672  Alkali NaOH pH 13.7   
 Conrol-84 SB 75 75 263 1 100 - 1.04 25 DLS 0 22  50 672  Control    
 Temp-84 SB 75 75 263 1 100 - 1.04 25 DLS 336 -20 40  6h 6h Thermal cycling, 4cycles/day  
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 Ph10-84 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   2016  Alkali NaOH pH 10   
 Ph12-84 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   2016  Alkali NaOH pH 12   
 Ph14-84 SB 75 75 263 1 100 - 1.04 25 DLS 0 38   2016  Alkali NaOH pH 13.7   
 Control-FT-50 SB 75 75 263 1 100 - 1.04 25 DLS 0 22     Control    
 Control-FT-100 SB 75 75 263 1 100 - 1.04 25 DLS 0 22     Control    
 Control-FT-200 SB 75 75 263 1 100 - 1.04 25 DLS 0 22     Control    
 Control-FT-300 SB 75 75 263 1 100 - 1.04 25 DLS 0 22     Control    
 FT-50 SB 75 75 263 1 100 - 1.04 25 DLS 50 -18 4    Freeze-thaw water   
 FT-100 SB 75 75 263 1 100 - 1.04 25 DLS 100 -18 4    Freeze-thaw water   
 FT-200 SB 75 75 263 1 100 - 1.04 25 DLS 200 -18 4    Freeze-thaw water   
 FT-300 SB 75 75 263 1 100 - 1.04 25 DLS 300 -18 4    Freeze-thaw water   
                       
 Conrol-7 SB 75 75 263 1 100 - 1.24 25 DLS 0 22  50 0  Control    
 Temp-7 SB 75 75 263 1 100 - 1.24 25 DLS 28 -20 40  6h 6h Thermal cycling, 4cycles/day  
 Ph10-7 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   168  Alkali NaOH pH 10   
 Ph12-7 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   168  Alkali NaOH pH 12   
 Ph14-7 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   168  Alkali NaOH pH 13.7   
 Conrol-14 SB 75 75 263 1 100 - 1.24 25 DLS 0 22  50 168h  Control    
 Temp-14 SB 75 75 263 1 100 - 1.24 25 DLS 56 -20 40  6h 6h Thermal cycling, 4cycles/day  
 Ph10-14 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   336  Alkali NaOH pH 10   
 Ph12-14 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   336  Alkali NaOH pH 12   
 Ph14-14 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   336  Alkali NaOH pH 13.7   
 Conrol-28 SB 75 75 263 1 100 - 1.24 25 DLS 0 22  50 336  Control    
 Temp-28 SB 75 75 263 1 100 - 1.24 25 DLS 112 -20 40  6h 6h Thermal cycling, 4cycles/day  
 Ph10-28 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   672  Alkali NaOH pH 10   
 Ph12-28 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   672  Alkali NaOH pH 12   
 Ph14-28 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   672  Alkali NaOH pH 13.7   
 Conrol-84 SB 75 75 263 1 100 - 1.24 25 DLS 0 22  50 672  Control    
 Temp-84 SB 75 75 263 1 100 - 1.24 25 DLS 336 -20 40  6h 6h Thermal cycling, 4cycles/day  
 Ph10-84 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   2016  Alkali NaOH pH 10   
 Ph12-84 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   2016  Alkali NaOH pH 12   
 Ph14-84 SB 75 75 263 1 100 - 1.24 25 DLS 0 38   2016  Alkali NaOH pH 13.7   
 Control-FT-50 SB 75 75 263 1 100 - 1.24 25 DLS 0 22     Control    
 Control-FT-100 SB 75 75 263 1 100 - 1.24 25 DLS 0 22     Control    
 Control-FT-200 SB 75 75 263 1 100 - 1.24 25 DLS 0 22     Control    
 Control-FT-300 SB 75 75 263 1 100 - 1.24 25 DLS 0 22     Control    
 FT-50 SB 75 75 263 1 100 - 1.24 25 DLS 50 -18 4    Freeze-thaw water   
 FT-100 SB 75 75 263 1 100 - 1.24 25 DLS 100 -18 4    Freeze-thaw water   
 FT-200 SB 75 75 263 1 100 - 1.24 25 DLS 200 -18 4    Freeze-thaw water   
 FT-300 SB 75 75 263 1 100 - 1.24 25 DLS 300 -18 4    Freeze-thaw water   
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Blontrock et al. 
(2002) 
20  SB 150 150 400 1 300 - 1.2 100 DLS  20   12h   Elevated temperature  
40  SB 150 150 400 1 300 - 1.2 100 DLS  40   12h   Elevated temperature  
55  SB 150 150 400 1 300 - 1.2 100 DLS  55   12h   Elevated temperature  
70  SB 150 150 400 1 300 - 1.2 100 DLS  70   12h   Elevated temperature  
                       
Pack (2003) 1  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2     Ambient    
 2  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
Cromwell et al. 
(2011) 
3  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
4  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
13  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   1000  100% humidity   
14  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 15  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 16  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
Normal concrete 73  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   3000  100% humidity   
74  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 75  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 76  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 134  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   10000  100% humidity   
 135  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 136  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 25  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   1000  CaCO3 pH 9.5   
 26  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 27  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 28  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 85  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   3000  CaCO3 pH 9.5   
 86  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 87  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 88  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 137  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8   10000  CaCO3 pH 9.5   
 138  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 139  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 140  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  37.8         
 37  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2   1000  Oceanwater D1141   
 38  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 39  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 40  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 97  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2   3000  Oceanwater D1141   
 98  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
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 99  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 100  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 141  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2   10000  Oceanwater D1141   
 142  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 143  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 144  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 49  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60   1000  Dry heat    
 50  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 51  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 52  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 121  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60   3000  Dry heat    
 122  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 123  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 124  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  60         
 61  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2   4h  Diesel fuel    
 62  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 63  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 64  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS  22.2         
 109  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 110  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 111  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 112  C 51 51 50.8 1 50.8 - 1.15 19.1 DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
                       
 5  C 51 51 50.8 1 50.8 - - - DLS  22.2     Ambient    
 6  C 51 51 50.8 1 50.8 -   DLS  22.2         
 7  C 51 51 50.8 1 50.8 -   DLS  22.2         
 8  C 51 51 50.8 1 50.8 -   DLS  22.2         
 17  C 51 51 50.8 1 50.8 -   DLS  37.8   1000  100% humidity   
 18  C 51 51 50.8 1 50.8 -   DLS  37.8         
 19  C 51 51 50.8 1 50.8 -   DLS  37.8         
 20  C 51 51 50.8 1 50.8 -   DLS  37.8         
 77  C 51 51 50.8 1 50.8 -   DLS  37.8   3000  100% humidity   
 78  C 51 51 50.8 1 50.8 -   DLS  37.8         
 79  C 51 51 50.8 1 50.8 -   DLS  37.8         
 80  C 51 51 50.8 1 50.8 -   DLS  37.8         
 145  C 51 51 50.8 1 50.8 -   DLS  37.8   10000  100% humidity   
 146  C 51 51 50.8 1 50.8 -   DLS  37.8         
 147  C 51 51 50.8 1 50.8 -   DLS  37.8         
 148  C 51 51 50.8 1 50.8 -   DLS  37.8         
 29  C 51 51 50.8 1 50.8 -   DLS  37.8   1000  CaCO3 pH 9.5   
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 30  C 51 51 50.8 1 50.8 -   DLS  37.8         
 31  C 51 51 50.8 1 50.8 -   DLS  37.8         
 32  C 51 51 50.8 1 50.8 -   DLS  37.8         
 89  C 51 51 50.8 1 50.8 -   DLS  37.8   3000  CaCO3 pH 9.5   
 90  C 51 51 50.8 1 50.8 -   DLS  37.8         
 91  C 51 51 50.8 1 50.8 -   DLS  37.8         
 92  C 51 51 50.8 1 50.8 -   DLS  37.8         
 149  C 51 51 50.8 1 50.8 -   DLS  37.8   10000  CaCO3 pH 9.5   
 150  C 51 51 50.8 1 50.8 -   DLS  37.8         
 151  C 51 51 50.8 1 50.8 -   DLS  37.8         
 152  C 51 51 50.8 1 50.8 -   DLS  22.2         
 41  C 51 51 50.8 1 50.8 -   DLS  22.2   1000  Oceanwater D1141   
 42  C 51 51 50.8 1 50.8 -   DLS  22.2         
 43  C 51 51 50.8 1 50.8 -   DLS  22.2         
 44  C 51 51 50.8 1 50.8 -   DLS  22.2         
 101  C 51 51 50.8 1 50.8 -   DLS  22.2   3000  Oceanwater D1141   
 102  C 51 51 50.8 1 50.8 -   DLS  22.2         
 103  C 51 51 50.8 1 50.8 -   DLS  22.2         
 104  C 51 51 50.8 1 50.8 -   DLS  22.2         
 153  C 51 51 50.8 1 50.8 -   DLS  22.2   10000  Oceanwater D1141   
 154  C 51 51 50.8 1 50.8 -   DLS  22.2         
 155  C 51 51 50.8 1 50.8 -   DLS  22.2         
 156  C 51 51 50.8 1 50.8 -   DLS  60         
 53  C 51 51 50.8 1 50.8 -   DLS  60   1000  Dry heat    
 54  C 51 51 50.8 1 50.8 -   DLS  60         
 55  C 51 51 50.8 1 50.8 -   DLS  60         
 56  C 51 51 50.8 1 50.8 -   DLS  60         
 125  C 51 51 50.8 1 50.8 -   DLS  60   3000  Dry heat    
 126  C 51 51 50.8 1 50.8 -   DLS  60         
 127  C 51 51 50.8 1 50.8 -   DLS  60         
 128  C 51 51 50.8 1 50.8 -   DLS  22.2         
 65  C 51 51 50.8 1 50.8 -   DLS  22.2   4h  Diesel fuel    
 66  C 51 51 50.8 1 50.8 -   DLS  22.2         
 68  C 51 51 50.8 1 50.8 -   DLS  22.2         
 113  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 114  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 115  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 116  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
                       
 9  C 51 51 50.8 1 50.8 -   DLS  22.2     Ambient    
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 10  C 51 51 50.8 1 50.8 -   DLS  22.2         
 11  C 51 51 50.8 1 50.8 -   DLS  22.2         
 12  C 51 51 50.8 1 50.8 -   DLS  22.2         
 21  C 51 51 50.8 1 50.8 -   DLS  37.8   1000  100% humidity   
 22  C 51 51 50.8 1 50.8 -   DLS  37.8         
 23  C 51 51 50.8 1 50.8 -   DLS  37.8         
 24  C 51 51 50.8 1 50.8 -   DLS  37.8         
 81  C 51 51 50.8 1 50.8 -   DLS  37.8   3000  100% humidity   
 82  C 51 51 50.8 1 50.8 -   DLS  37.8         
 83  C 51 51 50.8 1 50.8 -   DLS  37.8         
 84  C 51 51 50.8 1 50.8 -   DLS  37.8         
 157  C 51 51 50.8 1 50.8 -   DLS  37.8   10000  100% humidity   
 158  C 51 51 50.8 1 50.8 -   DLS  37.8         
 159  C 51 51 50.8 1 50.8 -   DLS  37.8         
 160  C 51 51 50.8 1 50.8 -   DLS  37.8   1000      
 33  C 51 51 50.8 1 50.8 -   DLS  37.8     CaCO3    
 34  C 51 51 50.8 1 50.8 -   DLS  37.8         
 35  C 51 51 50.8 1 50.8 -   DLS  37.8         
 36  C 51 51 50.8 1 50.8 -   DLS  37.8   3000      
 93  C 51 51 50.8 1 50.8 -   DLS  37.8     CaCO3    
 94  C 51 51 50.8 1 50.8 -   DLS  37.8         
 95  C 51 51 50.8 1 50.8 -   DLS  37.8         
 96  C 51 51 50.8 1 50.8 -   DLS  37.8   10000      
 161  C 51 51 50.8 1 50.8 -   DLS  37.8     CaCO3    
 162  C 51 51 50.8 1 50.8 -   DLS  37.8         
 163  C 51 51 50.8 1 50.8 -   DLS  37.8         
 164  C 51 51 50.8 1 50.8 -   DLS  22.2   1000      
 45  C 51 51 50.8 1 50.8 -   DLS  22.2     Oceanwater D1141   
 46  C 51 51 50.8 1 50.8 -   DLS  22.2         
 47  C 51 51 50.8 1 50.8 -   DLS  22.2         
 48  C 51 51 50.8 1 50.8 -   DLS  22.2   3000      
 105  C 51 51 50.8 1 50.8 -   DLS  22.2     Oceanwater D1141   
 106  C 51 51 50.8 1 50.8 -   DLS  22.2         
 107  C 51 51 50.8 1 50.8 -   DLS  22.2         
 108  C 51 51 50.8 1 50.8 -   DLS  22.2   10000      
 165  C 51 51 50.8 1 50.8 -   DLS  22.2     Oceanwater D1141   
 166  C 51 51 50.8 1 50.8 -   DLS  22.2         
 167  C 51 51 50.8 1 50.8 -   DLS  22.2         
 168  C 51 51 50.8 1 50.8 -   DLS  60   1000      
 57  C 51 51 50.8 1 50.8 -   DLS  60     Dry Heat    
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 58  C 51 51 50.8 1 50.8 -   DLS  60         
 59  C 51 51 50.8 1 50.8 -   DLS  60         
 60  C 51 51 50.8 1 50.8 -   DLS  60   3000      
 129  C 51 51 50.8 1 50.8 -   DLS  60     Dry Heat    
 130  C 51 51 50.8 1 50.8 -   DLS  60         
 131  C 51 51 50.8 1 50.8 -   DLS  60         
 132  C 51 51 50.8 1 50.8 -   DLS  60         
 69  C 51 51 50.8 1 50.8 -   DLS  22.2   4h  Diesel Fuel    
 70  C 51 51 50.8 1 50.8 -   DLS  22.2         
 71  C 51 51 50.8 1 50.8 -   DLS  22.2         
 72  C 51 51 50.8 1 50.8 -   DLS  22.2         
 117  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 118  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 119  C 51 51 50.8 1 50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
 120  C 51 51 50.8  50.8 -   DLS 20 37.8 -17.8  15h 9h Freeze-thaw, humidity   
                       
Woods (2003) 364 samples SB 76 76 305 1 152 - 3 33 SLS  20   Upto 11000h  pH 3 HCl    
 364 samples SB 76 76 305 1 152 - 3 33 SLS  20   Upto 11000h  pH 8.5 seawater ASTM 1141-90  
 364 samples SB 76 76 305 1 152 - 3 33 SLS  20   Upto 11000h  pH 12 Ca(OH)2   
 364 samples SB 76 76 305 1 152 - 3 33 SLS  37.8  100 Upto 11000h  100% humidity   
 364 samples SB 76 76 305 1 152 - 3 33 SLS  51.1  100 Upto 11000h  Water    
 364 samples SB 76 76 305 1 152 - 3 33 SLS  71.1  100 Upto 11000h  Water    
 364 samples SB 76 76 305 1 152 - 3 33 SLS  60   Upto 11000h  Oven    
 364 samples SB 76 76 305 1 152 - 3 33 SLS  71.1   Upto 11000h  Oven    
                       
Dohnalek (2004) A-S-0 A 50 100 200 1 160 - 1.2 50 DLS 0 - -  - - Control    
Air entrained 
concrete 
A-S-25 A 50 100 200 1 160 - 1.2 50 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
A-S-50 A 50 100 200 1 160 - 1.2 50 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-S-75 A 50 100 200 1 160 - 1.2 50 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-F-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -  - - Control    
 A-F-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-F-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-F-75 A 50 100 200 1 160 - 1.4 50.8 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-B-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -  - - Control    
 A-B-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-B-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 A-B-75 A 50 100 200 1 160 - 1.4 50.8 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
Normal concrete N-S-0 A 50 100 200 1 160 - 1.2 50 DLS 0 - -  - - Control    
N-S-25 A 50 100 200 1 160 - 1.2 50 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
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 N-S-50 A 50 100 200 1 160 - 1.2 50 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
w/c = 0.45 N-S-75 A 50 100 200 1 160 - 1.2 50 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-F-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -  - - Control    
 N-F-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-F-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-F-75 A 50 100 200 1 160 - 1.4 50.8 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-B-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -  - - Control    
 N-B-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-B-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
 N-B-75 A 50 100 200 1 160 - 1.4 50.8 DLS 75 20 -15  1h 1h FT3% NaCl Wet CSN 73 1326 
                       
2nd set  A-S-0 A 50 100 200 1 160 - 1.2 50 DLS 0 - -    Control    
Air entrained 
concrete 
A-S-25 A 50 100 200 1 160 - 1.2 50 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
A-S-50 A 50 100 200 1 160 - 1.2 50 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
 A-S-75 A 50 100 200 1 160 - 1.2 50 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
 A-F-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -    Control    
 A-F-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
 A-F-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
 A-F-75 A 50 100 200 1 160 - 1.4 50.8 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
 A-B-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -    Control    
 A-B-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
 A-B-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
 A-B-75 A 50 100 200 1 160 - 1.4 50.8 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
Normal concrete N-S-0 A 50 100 200 1 160 - 1.2 50 DLS 0 - -    Control    
N-S-25 A 50 100 200 1 160 - 1.2 50 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
 N-S-50 A 50 100 200 1 160 - 1.2 50 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
w/c = 0.45 N-S-75 A 50 100 200 1 160 - 1.2 50 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
 N-F-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -    Control    
 N-F-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
 N-F-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
 N-F-75 A 50 100 200 1 160 - 1.4 50.8 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
 N-B-0 A 50 100 200 1 160 - 1.4 50.8 DLS 0 - -    Control    
 N-B-25 A 50 100 200 1 160 - 1.4 50.8 DLS 25 -10 17  4h 1h FT Air  CSN 73 1322 
 N-B-50 A 50 100 200 1 160 - 1.4 50.8 DLS 50 -10 17  4h 1h FT Air  CSN 73 1322 
 N-B-75 A 50 100 200 1 160 - 1.4 50.8 DLS 100 -10 17  4h 1h FT Air  CSN 73 1322 
                       
Wu et al. (2005) O-20-1 S 100 100 250 1 200 - 0.11 50 DLS  26   Oven at test      
O-20-2 S 100 100 250 1 200 - 0.11 50 DLS  26         
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 O-20-3 S 100 100 250 1 200 - 0.11 50 DLS  26         
 O-30-1 S 100 100 250 1 200 - 0.11 50 DLS  30         
Normal concrete O-30-2 S 100 100 250 1 200 - 0.11 50 DLS  30         
O-30-3 S 100 100 250 1 200 - 0.11 50 DLS  30         
 O-40-1 S 100 100 250 1 200 - 0.11 50 DLS  40         
 O-40-2 S 100 100 250 1 200 - 0.11 50 DLS  40         
 O-40-3 S 100 100 250 1 200 - 0.11 50 DLS  40         
 O-50-1 S 100 100 250 1 200 - 0.11 50 DLS  50         
 O-50-2 S 100 100 250 1 200 - 0.11 50 DLS  50         
 O-50-3 S 100 100 250 1 200 - 0.11 50 DLS  50         
 T-20-1 S 100 100 250 1 200 - 0.11 50 DLS  26         
 T-20-2 S 100 100 250 1 200 - 0.11 50 DLS  26         
 T-20-3 S 100 100 250 1 200 - 0.11 50 DLS  26         
 T-40-1 S 100 100 250 1 200 - 0.11 50 DLS  40         
 T-40-2 S 100 100 250 1 200 - 0.11 50 DLS  40         
 T-40-3 S 100 100 250 1 200 - 0.11 50 DLS  40         
 T-50-1 S 100 100 250 1 200 - 0.11 50 DLS  50         
 T-50-2 S 100 100 250 1 200 - 0.11 50 DLS  50         
 T-50-3 S 100 100 250 1 200 - 0.11 50 DLS  50         
 T-60-1 S 100 100 250 1 200 - 0.11 50 DLS  60         
 T-60-2 S 100 100 250 1 200 - 0.11 50 DLS  60         
 T-60-3 S 100 100 250 1 200 - 0.11 50 DLS  60         
                       
Au and 
Büyüköztürk 
(2006) 
23C Dry CA, MEK 38 75 300 1 150 1 1.28 25 SLS  23   0      
23C Wet CA, MEK 38 75 300 1 150 1 1.28 25 SLS  23   4 weeks      
23C Wet CA, MEK 38 75 300 1 150 1 1.28 25 SLS  23   8 weeks      
 50C Dry CA, MEK 38 75 300 1 150 1 1.28 25 SLS  50   0      
 50C Wet CA, MEK 38 75 300 1 150 1 1.28 25 SLS  50   2 weeks      
 50C Wet CA, MEK 38 75 300 1 150 1 1.28 25 SLS  50   4 weeks      
 50C Wet CA, MEK 38 75 300 1 150 1 1.28 25 SLS  50   8 weeks      
                       
Alfar (2006) G.E1.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 0  Ambient     
G.E1M.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 0  Ambient     
 G.E2.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 0  Ambient     
Pre attachment 
exposure 4 
months 
G.E1.S.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 8400  9.6% NaCl    
G.E1M.S.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 8400  9.6% NaCl    
G.E2.S.N SB 150 150 450  300 3 1.4 50 SLS 0 20  65 8400  9.6% NaCl    
 GE1.S.TH SB 150 150 450  300 3 1.4 50 SLS 0 50  50 8400  9.6% NaCl    
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and G.E1M.S.TH SB 150 150 450  300 3 1.4 50 SLS 0 50  50 8400  9.6% NaCl    
 G.E2.S.TH SB 150 150 450  300 3 1.4 50 SLS 0 50  50 8400  9.6% NaCl    
Post attachment 
exposure 12 
months 
J.E1.A SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Amman city, Jordan  
J.E1M.A SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Amman city, Jordan  
JE2.A SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Amman city, Jordan  
J.E1.Q SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Aqaba, Jordan   
 J.E1M.Q SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Aqaba, Jordan   
 J.E2.Q SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Aqaba, Jordan   
 JE1.D SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Dead sea region, Jordan  
 J.E1M.D SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Dead sea region, Jordan  
 J.E2.D SB 150 150 450  300 3 1.4 50 SLS     8400  Outdoor - Dead sea region, Jordan  
                       
Gamage et al. 
(2006) 
  WJ 130 130 300   - 0.18 100 SLS           
  WJ 130 130 300   - 0.18 100 SLS           
  WJ 130 130 300   - 0.18 100 SLS           
         -              
Hu et al. (2007) 1       100 -  50 SLS 0 20     Control    
2       100 -  50 SLS 25 -15 6  2 1 Pre-conditioning FT water   
 3       100 -  50 SLS 50 -15 6  2 1 Pre-conditioning FT water   
4       100 -  50 SLS 25 -15 6  2 1 Post-conditioning FT water  
 5       100 -  50 SLS 50 -15 6  2 1 Post-conditioning FT water  
 6       100 -  50 SLS 0 20     Control    
 7       100 -  50 SLS 25 -15 6  2 1 Pre-conditioning FT water   
 8       100 -  50 SLS 50 -15 6  2 1 Pre-conditioning FT water   
 9       100 -  50 SLS 25 -15 6  2 1 Post-conditioning FT water  
 10       100 -  50 SLS 50 -15 6  2 1 Post-conditioning FT water  
                       
Ekenel and 
Myers (2009) 
C-1  WB 152 152 254 2 254 - 0.17 76 DLS 0 - -  - - Control    
C-2  WB 152 152 254 2 254 - 0.17 76 DLS 0 - -  - - Control    
 C-3  WB 152 152 254 2 254 - 0.17 76 DLS 0 - -  - - Control    
 E-1  WB 152 152 254 2 254 - 0.17 76 DLS 50 -18 4 1 cycle   Environmental exposure   
 E-2  WB 152 152 254 2 254 - 0.17 76 DLS 120 27 49    Environmental exposure   
 E-3  WB 152 152 254 2 254 - 0.17 76 DLS 60      Environmental exposure   
                       
Subramaniam et 
al. (2007) 
D1  G 125 125 330 1 150 - 0.167 46 SLS 0 Ambient  Ambient   No exposure    
E1  G 125 125 330 1 150 - 0.167 46 SLS 100 -18 5  4.2h 2.4h     
E2  G 125 125 330 1 150 - 0.167 46 SLS 200 -18 5  4.2h 2.4h     
 F1  G 125 125 330 1 150 - 0.167 46 SLS 300 -18 5  4.2h 2.4h     
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Fava et al. 
(2007) 
R18A SB 200 150 600 1 500 - 1.400 50 SLS 0 Ambient  Ambient       
R18B  SB 200 150 600 1 500 - 1.400 50 SLS 0 Ambient  Ambient       
Normal concrete R12A SB 200 150 600 1 500 - 1.400 50 SLS 0 50     5% NaCl    
R12B  SB 200 150 600 1 500 - 1.400 50 SLS 0 50     5% NaCl    
 R15A SB 200 150 600 1 500 - 1.400 50 SLS 133 -18 4  5h 5h     
 R15B  SB 200 150 600 1 500 - 1.400 50 SLS 133 -18 4  5h 5h     
                       
Tam (2007) 100-C-1 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 - - Control    
 100-C-2 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Control    
 100-C-3 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Control    
 100-FT-1 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-FT-2 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-FT-3 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-S-1 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 100-S-2 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 100-S-3 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
Air entrained 
concrete 
100-SFT-1 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
100-SFT-2 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 100-SFT-3 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
Super plasticizer 200-C-1 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 - - Control    
200-C-2 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Control    
 200-C-3 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Control    
 200-FT-1 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-FT-2 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-FT-3 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-S-1 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-S-2 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-S-3 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-SFT-1 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 200-SFT-2 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 200-SFT-3 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
                       
 100-C-1 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 - - Control    
 100-C-2 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Control    
 100-C-3 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Control    
 100-FT-1 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-FT-2 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-FT-3 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 100-S-1 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
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 100-S-2 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 100-S-3 SB 76 76 305 1 100 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 100-SFT-1 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 100-SFT-2 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 100-SFT-3 SB 76 76 305 1 100 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 200-C-1 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 - - Control    
 200-C-2 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Control    
 200-C-3 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Control    
 200-FT-1 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-FT-2 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-FT-3 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h Freeze-thaw water   
 200-S-1 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-S-2 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-S-3 SB 76 76 305 1 200 - 1.000 25 DLS 0 21 - 50 -  Sustained load   
 200-SFT-1 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 200-SFT-2 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
 200-SFT-3 SB 76 76 305 1 200 - 1.000 25 DLS 300 -20 20  3h 3h FT + sustained load 30%   
         -              
Cai (2008) CS-4       120 - 0.17 80 DLS  4         
 CS-4       120 - 0.17 80 DLS  4         
cited in: CS-4       120 - 0.17 80 DLS  4         
Dai et al. (2013) CS-40      120 - 0.17 80 DLS  40         
 CS-40      120 - 0.17 80 DLS  40         
 CS-40      120 - 0.17 80 DLS  40         
 CS-60      120 - 0.17 80 DLS  60         
 CS-60      120 - 0.17 80 DLS  60         
 CS-60      120 - 0.17 80 DLS  60         
 CS-80      120 - 0.17 80 DLS  80         
 CS-80      120 - 0.17 80 DLS  80         
 CS-80      120 - 0.17 80 DLS  80         
 CS-100      120 - 0.17 80 DLS  100         
 CS-100      120 - 0.17 80 DLS  100         
 CS-100      120 - 0.17 80 DLS  100         
 CS-120      120 - 0.17 80 DLS  120         
 CS-120      120 - 0.17 80 DLS  120         
 CS-120      120 - 0.17 80 DLS  120         
 CS-140      120 - 0.17 80 DLS  140         
 CS-140      120 - 0.17 80 DLS  140         
 CS-140      120 - 0.17 80 DLS  140         
 CS-160      120 - 0.17 80 DLS  160         
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 CS-180      120 - 0.17 80 DLS  180         
                       
Foster and Bisby 
(2008) 
20-A  SB 102 102 127 1 102 - 1 25 DLS  20   0      
20-B  SB 102 102 127 1 102 - 1 25 DLS  20   0      
 20-C  SB 102 102 127 1 102 - 1 25 DLS  20   0      
 100-A SB 102 102 127 1 102 - 1 25 DLS  100   3hr  Increase at 
rate 10C/min 
   
 100-B SB 102 102 127 1 102 - 1 25 DLS  100   3hr     
 100-C SB 102 102 127 1 102 - 1 25 DLS  100   3hr     
 140-A SB 102 102 127 1 102 - 1 25 DLS  140   3hr     
 140-B SB 102 102 127 1 102 - 1 25 DLS  140   3hr      
 140-C SB 102 102 127 1 102 - 1 25 DLS  140   3hr      
 180-A SB 102 102 127 1 102 - 1 25 DLS  180   3hr      
 180-B SB 102 102 127 1 102 - 1 25 DLS  180   3hr      
 180-C SB 102 102 127 1 102 - 1 25 DLS  180   3hr      
 195-A SB 102 102 127 1 102 - 1 25 DLS  195   3hr      
 195-B SB 102 102 127 1 102 - 1 25 DLS  195   3hr      
 195-C SB 102 102 127 1 102 - 1 25 DLS  195   3hr      
 250-A SB 102 102 127 1 102 - 1 25 DLS  250   3hr      
 250-B SB 102 102 127 1 102 - 1 25 DLS  250   3hr      
 250-B SB 102 102 127 1 102 - 1 25 DLS  250   3hr      
                       
Leone et al. 
(2008) 
C_S_20 G 150 150 400 1 300 - 0.11 100 DLS  20         
C_S_50 G 150 150 400 1 300 - 0.11 100 DLS  50         
C_S_65 G 150 150 400 1 300 - 0.11 100 DLS  65         
 C_S_80 G 150 150 400 1 300 - 0.11 100 DLS  82         
Normal concrete C_L_20 G 150 150 400 1 300 - 1 100 DLS  20         
C_L_50 G 150 150 400 1 300 - 1 100 DLS  50         
 C_L_80 G 150 150 400 1 300 - 1 100 DLS  80         
 G_S_20 G 150 150 400 1 300 - 0.3 100 DLS  20         
 G_S_80 G 150 150 400 1 300 - 0.3 100 DLS  80         
                       
Subramaniam et 
al. (2008) 
0-100-C G 125 125 330 1 150 - 0.167 46 SLS 0 Ambient  Ambient   No exposure    
0-100-F1 G 125 125 330 1 150 - 0.167 46 SLS 100 -18 5  4.2h 2.4h     
0-100-F2 G 125 125 330 1 150 - 0.167 46 SLS 100 -18 5  4.2h 2.4h     
 0-200-C G 125 125 330 1 150 - 0.167 46 SLS 0 Ambient  Ambient   No exposure    
 0-200-F1 G 125 125 330 1 150 - 0.167 46 SLS 200 -18 5  4.2h 2.4h     
All primer 0-200-F2 G 125 125 330 1 150 - 0.167 46 SLS 200 -18 5  4.2h 2.4h     
 0-300-C1 G 125 125 330 1 150 - 0.167 46 SLS 0 Ambient  Ambient   No exposure    
Normal concrete 0-300-C2 G 125 125 330 1 150 - 0.167 46 SLS 0 Ambient  Ambient   No exposure    
 89 
 
0-300-F1 G 125 125 330 1 150 - 0.167 46 SLS 300 -18 5  4.2h 2.4h     
 0-300-F2 G 125 125 330 1 150 - 0.167 46 SLS 300 -18 5  4.2h 2.4h     
 0-300-F3 G 125 125 330 1 150 - 0.167 46 SLS 300 -18 5  4.2h 2.4h     
 0-300-F4 G 125 125 330 1 150 - 0.167 46 SLS 300 -18 5  4.2h 2.4h     
         -              
Colombi et al. 
(2009) 
P15A SP 150 150 600 1 400 - 0.22 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
P18A SP 150 150 600 1 400 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
P19A SP 150 150 600 1 400 - 0.22 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 P20A SP 150 150 600 1 400 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 P15B  SP 150 150 600 1 100 - 0.22 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
Normal concrete P18B  SP 150 150 600 1 100 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
P19B  SP 150 150 600 1 100 - 0.22 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 P20B  SP 150 150 600 1 100 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
Primer V7A  SP 150 150 600 1 400 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V8A  SP 150 150 600 1 400 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V11A SP 150 150 600 1 400 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V7B  SP 150 150 600 1 100 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V8B  SP 150 150 600 1 100 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V11B  SP 150 150 600 1 100 - 1.2 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V24A SP 150 150 600 1 400 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V25A SP 150 150 600 1 400 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V26A SP 150 150 600 1 400 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V24B  SP 150 150 600 1 100 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V25B  SP 150 150 600 1 100 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
 V26B  SP 150 150 600 1 100 - 0.16 80 SLS 0 Ambient  Ambient   (T=20, RH = 60%)   
                       
 P1A  SP 150 150 600 1 400 - 0.22 80 SLS 100 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P2A  SP 150 150 600 1 400 - 1.2 80 SLS 100 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P3A  SP 150 150 600 1 400 - 0.22 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P4A  SP 150 150 600 1 400 - 1.2 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P5A  SP 150 150 600 1 400 - 0.22 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P6A  SP 150 150 600 1 400 - 1.2 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P1B  SP 150 150 600 1 100 - 0.22 80 SLS 100 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P2B  SP 150 150 600 1 100 - 1.2 80 SLS 100 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P3B  SP 150 150 600 1 100 - 0.22 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P4B  SP 150 150 600 1 100 - 1.2 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P5B  SP 150 150 600 1 100 - 0.22 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
 P6B  SP 150 150 600 1 100 - 1.2 80 SLS 200 -18 4  5h 5h ASTM C666. AirORwater freeze, water thaw 
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Gamage (2009) A1-2-1 SB 75 75 250  150 -  75 SLS 0 Ambient   Ambient      
 A1-2-2 SB 75 75 250  150 -  75 SLS 0 Ambient   Ambient      
 A2-3-1 SB 75 75 250  150 -  75 SLS 0 50 20 90 6.75 6.75 Sustained load = 0%   
 A2-3-2 SB 75 75 250  150 -  75 SLS 50 50 20 90 6.75 6.75 Sustained load = 0%   
 A4-8-1 SB 75 75 250  150 -  75 SLS 50 50 20 90 6.75 6.75 Sustained load = 0%   
 A4-8-2 SB 75 75 250  150 -  75 SLS 100 50 20 90 6.75 6.75 Sustained load = 0%   
 A4-8-3 SB 75 75 250  150 -  75 SLS 100 50 20 90 6.75 6.75 Sustained load = 0%   
 A4-8-4 SB 75 75 250  150 -  75 SLS 100 50 20 90 6.75 6.75 Sustained load = 0%   
 A4-8-5 SB 75 75 250  150 -  75 SLS 100 50 20 90 6.75 6.75 Sustained load = 0%   
 A9-10-1 SB 75 75 250  150 -  75 SLS 300 50 20 90 6.75 6.75 Sustained load = 0%   
 A9-10-2 SB 75 75 250  150 -  75 SLS 300 50 20 90 6.75 6.75 Sustained load = 0%   
 A11  SB 75 75 250  150 -  75 SLS 500 50 20 90 6.75 6.75 Sustained load = 0%   
 A12  SB 75 75 250  150 -  75 SLS 50 50 20 90 6.75 6.75 Sustained load = 15%   
 A13  SB 75 75 250  150 -  75 SLS 80 50 20 90 6.75 6.75 Sustained load = 15%   
 A14  SB 75 75 250  150 -  75 SLS 400 50 20 90 6.75 6.75 Sustained load = 15%   
 A-15-16-1 SB 75 75 250  150 -  75 SLS 0 50 20 90 6.75 6.75 Sustained load = 25%   
 A-15-16-2 SB 75 75 250  150 -  75 SLS 20 50 20 90 6.75 6.75 Sustained load = 25%   
 A17-18-1 SB 75 75 250  150 -  75 SLS 180 50 20 90 6.75 6.75 Sustained load = 25%   
 A17-18-2 SB 75 75 250  150 -  75 SLS 210 50 20 90 6.75 6.75 Sustained load = 25%   
 A17-18-3 SB 75 75 250  150 -  75 SLS 450 50 20 90 6.75 6.75 Sustained load = 25%   
 A19-21-1 SB 75 75 250  150 -  75 SLS 0 50 20 90 6.75 6.75 Sustained load = 35%   
 A19-21-2 SB 75 75 250  150 -  75 SLS 10 50 20 90 6.75 6.75 Sustained load = 35%   
 A19-21-3 SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 35%   
 A22-25-1 SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 35%   
 A22-25-2 SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 35%   
 A28-29 SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 35%   
 A30  SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 35%   
 A31  SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 40%   
   SB 75 75 250  150 -  75 - - 50 20 90 6.75 6.75 Sustained load = 40%   
   SB 75 75 250  150 -  75  - 50 20 90 6.75 6.75 Sustained load = 40%   
   SB 75 75 250  150 -  75  - 50 20 90 6.75 6.75 Sustained load = 40%   
   SB 75 75 250  150 -  75  - 50 20 90 6.75 6.75 Sustained load = 50%   
   SB 75 75 250  150 -  75  - 50 20 90 6.75 6.75 Sustained load = 50%   
                       
Klamer (2009) DLS-41.1-20a SB 150 150 400 1 300 - 1.2 50 DLS  -20   16h  Tested within 15 minutes after removed from oven 
 DLS-41.1-20b SB 150 150 400 1 300 - 1.2 50 DLS  -20   16h      
Normal concrete DLS-41.1+20a SB 150 150 400 1 300 - 1.2 50 DLS  20   16h      
DLS-41.1+20b SB 150 150 400 1 300 - 1.2 50 DLS  20   16h      
 DLS-41.1+40 SB 150 150 400 1 300 - 1.2 50 DLS  40   16h      
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 DLS-41.1+50a SB 150 150 400 1 300 - 1.2 50 DLS  50   16h      
 DLS-41.1+50b SB 150 150 400 1 300 - 1.2 50 DLS  50   16h      
 DLS-41.1+50c SB 150 150 400 1 300 - 1.2 50 DLS  50   16h      
 DLS-41.1+70a SB 150 150 400 1 300 - 1.2 50 DLS  70   16h      
 DLS-41.1+70b SB 150 150 400 1 300 - 1.2 50 DLS  70   16h      
 DLS-41.1+80 SB 150 150 400 1 300 - 1.2 50 DLS  80   16h      
 DLS-41.1+100 SB 150 150 400 1 300 - 1.2 50 DLS  100   16h      
                       
 DLS-70.8-20a SB 150 150 400 1 300 - 1.2 50 DLS  -20   16h      
 DLS-70.8-20b SB 150 150 400 1 300 - 1.2 50 DLS  -20   16h      
 DLS-70.8+20a SB 150 150 400 1 300 - 1.2 50 DLS  20   16h      
 DLS-70.8+20b SB 150 150 400 1 300 - 1.2 50 DLS  20   16h      
 DLS-70.8+40a SB 150 150 400 1 300 - 1.2 50 DLS  40   16h      
 DLS-70.8+40b SB 150 150 400 1 300 - 1.2 50 DLS  40   16h      
 DLS-70.8+50a SB 150 150 400 1 300 - 1.2 50 DLS  50   16h      
 DLS-70.8+50b SB 150 150 400 1 300 - 1.2 50 DLS  50   16h      
 DLS-70.8+70a SB 150 150 400 1 300 - 1.2 50 DLS  70   16h      
 DLS-70.8+70b SB 150 150 400 1 300 - 1.2 50 DLS  70   16h      
 DLS-70.8+90 SB 150 150 400 1 300 - 1.2 50 DLS  90   16h      
                       
Lai et al. (2009) C – 1  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 C – 2  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 C – 3  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 C – 4  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 C – 5  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 C – 6  CA 150 150 350 1 200 1.5 0.17 60 SLS  Ambient   0      
 T25-5-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   5 wks  Water bath    
 T25-5-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   5 wks      
 T25-5-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   5 wks      
 T25-5-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   5 wks      
 T25-15-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   15 wks      
 T25-15-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   15 wks      
 T25-15-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   15 wks      
 T25-15-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   15 wks      
 T25-30-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   30 wks      
 T25-30-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   30 wks      
 T25-30-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   30 wks      
 T25-30-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   30 wks      
 T25-50-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   50 wks      
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 T25-50-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   50 wks      
 T25-50-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   50 wks      
 T25-50-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  25   50 wks      
 T40-5-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   5 wks      
 T40-5-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   5 wks      
 T40-5-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   5 wks      
 T40-5-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   5 wks      
 T40-15-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   15 wks      
 T40-15-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   15 wks      
 T40-15-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   15 wks      
 T40-15-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   15 wks      
 T40-30-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   30 wks      
 T40-30-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   30 wks      
 T40-30-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   30 wks      
 T40-30-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   30 wks      
 T40-50-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   50 wks      
 T40-50-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   50 wks      
 T40-50-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   50 wks      
 T40-50-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  40   50 wks      
 T60-5-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   5 wks      
 T60-5-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   5 wks      
 T60-5-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   5 wks      
 T60-5-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   5 wks      
 T60-15-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   15 wks      
 T60-15-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   15 wks      
 T60-15-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   15 wks      
 T60-15-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   15 wks      
 T60-30-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   30 wks      
 T60-30-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   30 wks      
 T60-30-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   30 wks      
 T60-30-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   30 wks      
 T60-50-1 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   50 wks      
 T60-50-2 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   50 wks      
 T60-50-3 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   50 wks      
 T60-50-4 CA 150 150 350 1 200 1.5 0.17 60 SLS  60   50 wks      
                       
Abbas (2010) 35  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 60d  Ambient    
 54  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 60d  Ambient    
 14  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 90d  Ambient    
Primer all 16  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 90d  Ambient    
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 19  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 90d  Ambient    
 12  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 170d  Ambient    
 13  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 170d  Ambient    
 17  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 170d  Ambient    
 41  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 140d  20% sustained load ambient  
 56  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 140d  20% sustained load ambient  
 57  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 140d  20% sustained load ambient  
 37  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 140d  30% sustained load ambient  
 38  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22  50 140d  30% sustained load ambient  
 122  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d 6 
cycles/day 
30% sustained load, RH cycles  
 123  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d 30% sustained load, RH cycles  
 75  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d 40% sustained load, RH cycles  
 98  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d  40% sustained load, RH cycles  
 66  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d  50% sustained load, RH cycles  
 99  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 40  30-95 21d  50% sustained load, RH cycles  
 114  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  20% sustained load, RH cycles  
 115  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  20% sustained load, RH cycles  
 112  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  30% sustained load, RH cycles  
 113  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  30% sustained load, RH cycles  
 120  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  50% sustained load, RH cycles  
 121  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 126 45  30-95 21d  50% sustained load, RH cycles  
 65  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 0% sustained load, Temp cycles  
 124  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 0% sustained load, Temp cycles  
 61  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 20% sustained load, Temp cycles  
 64  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 20% sustained load, Temp cycles  
 62  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 40% sustained load, Temp cycles  
 63  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 30 2h 2h 40% sustained load, Temp cycles  
 92  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 0% sustained load, Temp, RH  
 93  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 0% sustained load, Temp, RH  
 80  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 20% sustained load, Temp, RH  
 83  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 20% sustained load, Temp, RH  
 81  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 30% sustained load, Temp, RH  
 82  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 360 20 50 90 2h 2h 30% sustained load, Temp, RH  
 20  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 30 20 50 90 2h 2h 32% sustained load, Temp, RH  
 11  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 6 20 50 90 2h 2h 40% sustained load, Temp cycles  
 33  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  20% sustained, water   
 40  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  20% sustained, water   
 34  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   90d  20% sustained, water   
 39  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   90d  20% sustained, water   
 42  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   90d  20% sustained, 4% NaCl   
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 43  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   90d  20% sustained, 4% NaCl   
 44  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   90d  20% sustained, 4% NaCl   
 48  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 35   90d  20% sustained, 4% NaCl   
 49  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 35   90d  20% sustained, 4% NaCl   
 50  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 35   90d  20% sustained, 4% NaCl   
 94  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  0% sustained, 4% NaCl   
 95  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  0% sustained, 4% NaCl   
 78  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 37   90d  20% sustained, 4% NaCl   
 79  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 37   90d  20% sustained, 4% NaCl   
 76  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  20% sustained, 4% NaCl   
 77  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  20% sustained, 4% NaCl   
 88  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  30% sustained, 4% NaCl   
 91  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  30% sustained, 4% NaCl   
 89  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  40% sustained, 4% NaCl   
 87  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 4% NaCl   
 84  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 4% NaCl   
 85  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 4% NaCl   
 86  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 4% NaCl   
 18  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  0% sustained, 4% NaCl   
 21  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  0% sustained, 4% NaCl   
 59  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   90d  0% sustained, 4% NaCl   
 60  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   90d  0% sustained, 4% NaCl   
 28  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  20% sustained, 4% NaCl   
 29  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  20% sustained, 4% NaCl   
 27  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  20% sustained, 4% NaCl   
 31  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   60d  20% sustained, 4% NaCl   
 96  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  0% sustained, 8% NaCl   
 97  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  0% sustained, 8% NaCl   
 36  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 8% NaCl   
 55  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 8% NaCl   
 58  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   120d  20% sustained, 8% NaCl   
 90  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   74d  40% sustained, 4% NaCl   
 25  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   32d  20% sustained, 4% NaCl   
 22  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 23  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 24  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 26  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 30  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 32  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 4% NaCl   
 51  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   7d  20% sustained, 8% NaCl   
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 52  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   7d  20% sustained, 8% NaCl   
 45  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 8% NaCl   
 46  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 8% NaCl   
 47  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 8% NaCl   
 53  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 60   1d  20% sustained, 8% NaCl   
 71  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 53   33d  20% sustained, 4% NaCl   
 74  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 53   33d  20% sustained, 4% NaCl   
 72  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   25d  30% sustained, 4% NaCl   
 73  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 50   27d  30% sustained, 4% NaCl   
 68  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 48   20d  40% sustained, 4% NaCl   
 69  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 48   20d  40% sustained, 4% NaCl   
 67  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 45   12d  50% sustained, 4% NaCl   
 70  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 45   12d  50% sustained, 4% NaCl   
 3  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   30d  Ambient    
 9  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   30d  Ambient    
 10  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   30d  Ambient    
 1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   90d  Ambient    
 4  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 22   90d  Ambient    
 7  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  8% NaCl    
 8  SB 75 75 350 1 150 1to1.5 1.2 50 SLS 0 40   90d  8% NaCl    
                       
 L0-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  Ambient    
 L0-2  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  Ambient    
 L5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, ambient   
 L5-2  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, ambient   
 L10-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, ambient   
 E5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, no primer   
 E10-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, no primer   
 E10-2 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, no primer   
 H5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, full edge support  
 H10-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, full edge support  
Outdoor P5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, Outside shade  
Sharjah, UAE P5-2  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, Outside shade  
 P5-3  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, Outside shade  
 P5-4  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, Outside shade  
 P10-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, Outside shade  
 P10-2 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, Outside shade  
 P10-3 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, Outside shade  
 S5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  40% sustained, 4% NaCl   
 SP5-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, 4% NaCl covered  
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 C5-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, WD 4% NaCl  
 CP5-1 SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  20% sustained, WD 4% NaCl covered  
 0-1  SB 75 75 350 1 150 1to1.5 1.2 50 SLS - -   6mo  Sun exposure    
                       
Imani (2010) Control S 102 127 330 1 160 - 0.51 46 SLS  0     Control    
 T1  S 102 127 330 1 160 - 0.51 46 SLS  25   0, 1,3,5,7,9,11,13,15 wks Water immersion   
 T2  S 102 127 330 1 160 - 0.51 46 SLS  36   0, 1,3,5,7,9,11,13,15 wks Water immersion   
 T3  S 102 127 330 1 160 - 0.51 46 SLS  48   0, 1,3,5,7,9,11,13,15 wks Water immersion   
 T4  S 102 127 330 1 160 - 0.51 46 SLS  60   0, 1,3,5,7,9,11,13,15 wks Water immersion   
                       
Li et al. (2010) 4C  - 75 75 280 4 200 0.9 0.14 25 SLS 0 23     Ambient    
4C1G-dry - 75 75 280 4+1 200 0.9 0.143+0.118 25 SLS 0 23     Ambient    
Hybrid FRP 4 
carbon, 1 glass 
4C1G-LT-dry - 75 75 280 4+1 200 0.9 0.143+0.118 25 SLS 100 -17 4  2.5h 2.5h Freeze-thaw water only   
4C1G-FT-dry - 75 75 280 4+1 200 0.9 0.143+0.118 25 SLS 50 23 30  8h 4h Wet-dry cycles + UV   
Dry and wet 
bond 
4C1G-WD-dry - 75 75 280 4+1 200 0.9 0.143+0.118 25 SLS 0 -25   25d  Low temperature   
4C1G-wet - 75 75 280 4+1 200 1.7 0.143+0.118 25 SLS 0 23     Ambient    
Normal conc, 
superP 
4C1G-LT-wet - 75 75 280 4+1 200 1.7 0.143+0.118 25 SLS 100 -17 4  2.5h 2.5h Freeze-thaw water only   
4C1G-FT-wet - 75 75 280 4+1 200 1.7 0.143+0.118 25 SLS 50 23 30  8h 4h Wet-dry cycles + UV   
w/c =0.32 4C1G-WD-wet - 75 75 280 4+1 200 1.7 0.143+0.118 25 SLS 0 -25   25d  Low temperature   
                       
Pan et al. (2010) B1-15-10* R 150 150 550 2 250 - 0.165 50 SLS 0    15 days  10% NaCl    
B1-30-10* R 150 150 550 2 250 - 0.165 50 SLS 0    30 days  10% NaCl    
 B1-30-10 R 150 150 550 2 250 - 0.165 50 SLS 0    30 days  10% NaCl    
 B1-60-10 R 150 150 550 2 250 - 0.165 50 SLS 0    60 days  10% NaCl    
 B1-90-3 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  3% NaCl    
 B2-90-3 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  3% NaCl    
 B1-90-6 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  6% NaCl    
 B2-90-6 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  6% NaCl    
 B1-90-10 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  10% NaCl    
 B2-90-10 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  10% NaCl    
 B1-90-15 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  15% NaCl    
 B2-90-15 R 150 150 550 2 250 - 0.165 50 SLS 0    90 days  15% NaCl    
 B1-120-10 R 150 150 550 2 250 - 0.165 50 SLS 0    120 days  10% NaCl    
 B1-0-0* R 150 150 550 2 250 - 0.165 50 SLS 0    0  0    
                       
Pektova (2010) 20A   100 100 500 250 1 - 1.2 80 SLS     160 min  Tested after 4 months   
 20B   100 100 500 250 1 - 1.2 80 SLS     190 min  Tested after 4 months   
 20C   100 100 500 250 1 - 1.2 80 SLS     190 min  Tested after 4 months   
 50A   100 100 500 250 1 - 1.2 80 SLS       Tested 2 months after heating  
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         -              
Benzarti et al. 
(2011) 
C-T0  SB 210 210 410 1 200 - 1.5 100 SLS  40   0 days  95% humidity   
C-T1  SB 210 210 410 1 200 - 1.5 100 SLS  40   9 days  95% humidity   
 C-T2  SB 210 210 410 1 200 - 1.5 100 SLS  40   23 days  95% humidity   
 C-T3  SB 210 210 410 1 200 - 1.5 100 SLS  40   37 days  95% humidity   
 C-T4  SB 210 210 410 1 200 - 1.5 100 SLS  40   53 days  95% humidity   
 C-T5  SB 210 210 410 1 200 - 1.5 100 SLS  40   83 days  95% humidity   
 C-T6  SB 210 210 410 1 200 - 1.5 100 SLS  40   119 days  95% humidity   
 C-T7  SB 210 210 410 1 200 - 1.5 100 SLS  40   148 days  95% humidity   
 C-T8  SB 210 210 410 1 200 - 1.5 100 SLS  40   175 days  95% humidity   
 C-T9  SB 210 210 410 1 200 - 1.5 100 SLS  40   265 days  95% humidity   
 C-T10 SB 210 210 410 1 200 - 1.5 100 SLS  40   353 days  95% humidity   
 D-T0  SB 210 210 410 1 200 - 1 80 SLS  40   0 days  95% humidity   
 D-T1  SB 210 210 410 1 200 - 1 80 SLS  40   7 days  95% humidity   
 D-T2  SB 210 210 410 1 200 - 1 80 SLS  40   27 days  95% humidity   
 D-T3  SB 210 210 410 1 200 - 1 80 SLS  40   40 days  95% humidity   
 D-T4  SB 210 210 410 1 200 - 1 80 SLS  40   54 days  95% humidity   
 D-T5  SB 210 210 410 1 200 - 1 80 SLS  40   84 days  95% humidity   
 D-T6  SB 210 210 410 1 200 - 1 80 SLS  40   114 days  95% humidity   
 D-T7  SB 210 210 410 1 200 - 1 80 SLS  40   150 days  95% humidity   
 D-T8  SB 210 210 410 1 200 - 1 80 SLS  40   179 days  95% humidity   
 D-T9  SB 210 210 410 1 200 - 1 80 SLS  40   206 days  95% humidity   
 D-T10 SB 210 210 410 1 200 - 1 80 SLS  40   296 days  95% humidity   
 D-T11 SB 210 210 410 1 200 - 1 80 SLS  40   394 days  95% humidity   
                       
Nishizaki and 
Kato (2011) 
I-S1-A DS 60 - 300 1 170 - - 30 SLS  -   -  Control    
I-S1-B DS 60 - 300 1 170 - - 30 SLS  -   -  Control    
 I-S1-C DS 60 - 300 1 170 - - 30 SLS  -   -  Control    
 I-S1-D DS 60 - 300 1 170 - - 30 SLS  -   -  Control    
 I-S2-A-0 DS 60 - 300 1 170 - - 30 SLS  40   0  Continuous immersion   
 I-S2-A-3 DS 60 - 300 1 170 - - 30 SLS  40   3 mo  Continuous immersion   
Primer all I-S2-A-6 DS 60 - 300 1 170 - - 30 SLS  40   6 mo  Continuous immersion   
 I-S2-B-0 DS 60 - 300 1 170 - - 30 SLS  40   0  Continuous immersion   
Putty some I-S2-B-3 DS 60 - 300 1 170 - - 30 SLS  40   3 mo  Continuous immersion   
 I-S2-B-6 DS 60 - 300 1 170 - - 30 SLS  40   6 mo  Continuous immersion   
 I-S2-C-0 DS 60 - 300 1 170 - - 30 SLS  40   0  Continuous immersion   
 I-S2-C-3 DS 60 - 300 1 170 - - 30 SLS  40   3 mo  Continuous immersion   
 I-S2-C-6 DS 60 - 300 1 170 - - 30 SLS  40   6 mo  Continuous immersion   
 I-S2-D-0 DS 60 - 300 1 170 - - 30 SLS  40   0  Continuous immersion   
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 I-S2-D-3 DS 60 - 300 1 170 - - 30 SLS  40   3 mo  Continuous immersion   
 I-S2-D-6 DS 60 - 300 1 170 - - 30 SLS  40   6 mo  Continuous immersion   
 14-S1-A DS 60 - 300 1 170 - - 30 SLS  -   14 years  Outdoor, Tsukuba Japan   
 14-S1-B DS 60 - 300 1 170 - - 30 SLS  -   14 years  Outdoor, Tsukuba Japan   
 14-S1-C DS 60 - 300 1 170 - - 30 SLS  -   14 years  Outdoor, Tsukuba Japan   
 14-S1-D DS 60 - 300 1 170 - - 30 SLS  -   14 years  Outdoor, Tsukuba Japan   
         -              
Yun (2011) N30-0-1 R 150 150 340 2 300 - 0.17 50 SLS 0 23 23  - - No exposure    
N30-0-2 R 150 150 340 2 300 - 0.17 50 SLS 0 23 23  - - No exposure    
 N45-0-1 R 150 150 340 2 300 - 0.17 50 SLS 0 23 23  - - No exposure    
w/c = 0.525 N45-0-2 R 150 150 340 2 300 - 0.17 50 SLS 0 23 23  - - No exposure    
 S30-17-1 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
Max agg. 10 mm S30-17-2 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
S30-33-1 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
 S30-33-2 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
Normal concrete S30-50-1 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
S30-50-2 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min 4% NaCl 110 min between temperatures 
 T30-17-1 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min Tap water, Air freeze and water thaw  
 T30-33-1 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min Tap water, Air freeze and water thaw  
 T30-50-1 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min Tap water, Air freeze and water thaw  
 T30-67-1 R 150 150 340 2 300 - 0.17 50 SLS 67 -18 4  10 min 5 min Tap water, Air freeze and water thaw  
 T30-67-2 R 150 150 340 2 300 - 0.17 50 SLS 67 -18 4  10 min 5 min Tap water, Air freeze and water thaw  
 S45-17-1 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min 4% NaCl ASTM C672, Wet  
Max agg. 10 mm S45-17-2 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min 4% NaCl ASTM C672, Wet  
S45-33-1 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min 4% NaCl ASTM C672, Wet  
 S45-50-1 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min 4% NaCl ASTM C672, Wet  
w/c = 0.394 S45-50-2 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min 4% NaCl ASTM C672, Wet  
 T45-17-1 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
 T45-17-2 R 150 150 340 2 300 - 0.17 50 SLS 17 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
 T45-33-1 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
 T45-33-2 R 150 150 340 2 300 - 0.17 50 SLS 33 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
 T45-50-1 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
 T45-50-2 R 150 150 340 2 300 - 0.17 50 SLS 50 -18 4  10 min 5 min Tap water, Air freeze and water thaw ASTM C666 
   R                    
Adelzadeh 
(2013) 
23A  - 76 102 152 1 150 - 1.2 25 SLS  23     Oven at test at 60minutes   
23B  - 76 102 152 1 150 - 1.2 25 SLS  23     Oven at test at 60minutes   
 23C  - 76 102 152 1 150 - 1.2 25 SLS  23     Oven at test at 60minutes   
 23D  - 76 102 152 1 150 - 1.2 25 SLS  23     Oven at test at 60minutes   
Carbonated 23E  - 76 102 152 1 150 - 1.2 25 SLS  23     Oven at test at 60minutes   
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aggregate 60A  - 76 102 152 1 150 - 1.2 25 SLS  60     Oven at test at 60minutes   
 60B  - 76 102 152 1 150 - 1.2 25 SLS  60     Oven at test at 60minutes   
 60C  - 76 102 152 1 150 - 1.2 25 SLS  60     Oven at test at 60minutes   
Normal concrete 60D  - 76 102 152 1 150 - 1.2 25 SLS  60     Oven at test at 60minutes   
60E  - 76 102 152 1 150 - 1.2 25 SLS  60     Oven at test at 60minutes   
 80A  - 76 102 152 1 150 - 1.2 25 SLS  80     Oven at test at 60minutes   
 80B  - 76 102 152 1 150 - 1.2 25 SLS  80     Oven at test at 60minutes   
 80C  - 76 102 152 1 150 - 1.2 25 SLS  80     Oven at test at 60minutes   
 80D  - 76 102 152 1 150 - 1.2 25 SLS  80     Oven at test at 60minutes   
 80E  - 76 102 152 1 150 - 1.2 25 SLS  80     Oven at test at 60minutes   
 105A  - 76 102 152 1 150 - 1.2 25 SLS  105     Oven at test at 60minutes   
 105B  - 76 102 152 1 150 - 1.2 25 SLS  105     Oven at test at 60minutes   
 105C  - 76 102 152 1 150 - 1.2 25 SLS  105     Oven at test at 60minutes   
 105D  - 76 102 152 1 150 - 1.2 25 SLS  105     Oven at test at 60minutes   
 105E  - 76 102 152 1 150 - 1.2 25 SLS  105     Oven at test at 60minutes   
 150A  - 76 102 152 1 150 - 1.2 25 SLS  150     Oven at test at 60minutes   
 150B  - 76 102 152 1 150 - 1.2 25 SLS  150     Oven at test at 60minutes   
 150C  - 76 102 152 1 150 - 1.2 25 SLS  150     Oven at test at 60minutes   
 150D  - 76 102 152 1 150 - 1.2 25 SLS  150     Oven at test at 60minutes   
 150E  - 76 102 152 1 150 - 1.2 25 SLS  150     Oven at test at 60minutes   
 200A  - 76 102 152 1 150 - 1.2 25 SLS  200     Oven at test at 60minutes   
 200B  - 76 102 152 1 150 - 1.2 25 SLS  200     Oven at test at 60minutes   
 200C  - 76 102 152 1 150 - 1.2 25 SLS  200     Oven at test at 60minutes   
 200D  - 76 102 152 1 150 - 1.2 25 SLS  200     Oven at test at 60minutes   
 200E  - 76 102 152 1 150 - 1.2 25 SLS  200     Oven at test at 60minutes   
                       
Al-Rousan et al. 
(2013) 
C-pre-50-85 M 150 150 100 1 85 - 0.17 50 DLS 0 Ambient   0 0 Lime water 2.5% Na2SO4, 2.5% 
Mg2So4 
 
C-pre-100-85 M 150 150 100 1 85 - 0.17 100 DLS 0 Ambient   0 0 Lime water  
C-pre-150-85 M 150 150 100 1 85 - 0.17 150 DLS 0 Ambient   0 0 Lime water  
 C-pre-100-65 M 150 150 100 1 65 - 0.17 100 DLS 0 Ambient   0 0 Lime water  
Primer C-post-50-85 M 150 150 100 1 85 - 0.17 50 DLS 0 Ambient   0 0 Lime water    
 C-post-100-85 M 150 150 100 1 85 - 0.17 100 DLS 0 Ambient   0 0 Lime water    
 S1-pre-50-85 M 150 150 100 1 85 - 0.17 50 DLS 18.3 40   48h 48h Pre conditioning   
 S1-pre-100-85 M 150 150 100 1 85 - 0.17 100 DLS 18.3 40   48h 48h Pre conditioning   
 S1-pre-150-85 M 150 150 100 1 85 - 0.17 150 DLS 18.3 40   48h 48h Pre conditioning   
 S1-pre-100-65 M 150 150 100 1 65 - 0.17 100 DLS 18.3 40   48h 48h Pre conditioning   
 S1-post-50-85 M 150 150 100 1 85 - 0.17 50 DLS 18.3 40   48h 48h Post conditioning   
 S1-post-100-85 M 150 150 100 1 85 - 0.17 100 DLS 18.3 40   48h 48h Post conditioning   
 S2-pre-50-85 M 150 150 100 1 85 - 0.17 50 DLS 30.8 40   48h 48h Pre conditioning   
 S2-pre-100-85 M 150 150 100 1 85 - 0.17 100 DLS 30.8 40   48h 48h Pre conditioning   
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 S2-pre-150-85 M 150 150 100 1 85 - 0.17 150 DLS 30.8 40   48h 48h Pre conditioning   
 S2-pre-100-65 M 150 150 100 1 65 - 0.17 100 DLS 30.8 40   48h 48h Pre conditioning   
 S2-post-50-85 M 150 150 100 1 85 - 0.17 50 DLS 30.8 40   48h 48h Post conditioning   
 S2-post-100-85 M 150 150 100 1 85 - 0.17 100 DLS 30.8 40   48h 48h Post conditioning   
                       
Al-Safy et al. 
(2013) 
Control 1 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, unmodified   
Control 2 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, unmodified   
A1-D:B-1LP-1 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, Replace PartA, primer  
 A1-D:B-1LP-2 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, Replace PartA, primer  
 A1-D:B-1LP-3 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, Replace PartA, primer  
 A1-D:B-1LP-4 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Replace PartA, primer  
 A1-D:B-1LP-5 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Replace PartA, primer  
 A1-D:B-1LP-6 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Replace PartA, primer  
Primer 
replacement 
A1-D:B-0LP-1 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, Replace PartA  
A1-D:B-0LP-2 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  30% sustained, Replace PartA  
 A1-D:B-0LP-3 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Replace PartA  
All sustained A1-D:B-0LP-4 S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Replace PartA  
 A1-(AD):B S 75 75 250 150 1 -   SLS 0 50 - 30-90 504h  40% sustained, Partially replace PartA  
 A2-D:B-1LP-1 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA, primer  
 A2-D:B-1LP-2 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA, primer  
 A2-D:B-1LP-3 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA, primer  
 A2-D:B-1LP-4 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA, primer  
 A2-D:B-0LP-1 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA  
 A2-D:B-0LP-2 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA  
 A2-D:B-0LP-3 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Replace PartA  
 A2-(AD):B-1 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Partially replace PartA  
 A2-(AD):B-2 S 75 75 250 150 1 -   SLS - 20 50 90 1060h  40% sustained, Partially replace PartA  
                       
Haddad et al. 
(2013) 
LWAC-20-50 G 100 150 150 1 100 - 0.17 50 DLS  20     Pre-exposed concrete   
LWAC-20-100 G 100 150 150 1 100 - 0.17 100 DLS  20     Pre-exposed concrete   
LWAC-20-150 G 100 150 150 1 100 - 0.17 150 DLS  20     Pre-exposed concrete   
 LWAC-300-50 G 100 150 150 1 100 - 0.17 50 DLS  300     Pre-exposed concrete   
 LWAC-300-100 G 100 150 150 1 100 - 0.17 100 DLS  300     Pre-exposed concrete   
 LWAC-300-150 G 100 150 150 1 100 - 0.17 150 DLS  300     Pre-exposed concrete   
 LWAC-400-50 G 100 150 150 1 100 - 0.17 50 DLS  400     Pre-exposed concrete   
 LWAC-400-100 G 100 150 150 1 100 - 0.17 100 DLS  400     Pre-exposed concrete   
 LWAC-400-150 G 100 150 150 1 100 - 0.17 150 DLS  400     Pre-exposed concrete   
Pre damaged LWAC-500-50 G 100 150 150 1 100 - 0.17 50 DLS  500     Pre-exposed concrete   
concrete LWAC-500-100 G 100 150 150 1 100 - 0.17 100 DLS  500     Pre-exposed concrete   
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 LWAC-500-150 G 100 150 150 1 100 - 0.17 150 DLS  500     Pre-exposed concrete   
 LWAC-600-50 G 100 150 150 1 100 - 0.17 50 DLS  600     Pre-exposed concrete   
 LWAC-600-100 G 100 150 150 1 100 - 0.17 100 DLS  600     Pre-exposed concrete   
 LWAC-600-150 G 100 150 150 1 100 - 0.17 150 DLS  600     Pre-exposed concrete   
 NWAC(1)-20-50 G 100 150 150 1 100 - 0.17 50 DLS  20     Pre-exposed concrete   
 NWAC(1)-20-100 G 100 150 150 1 100 - 0.17 100 DLS  20     Pre-exposed concrete   
 NWAC(1)-20-150 G 100 150 150 1 100 - 0.17 150 DLS  20     Pre-exposed concrete   
 NWAC(1)-300-50 G 100 150 150 1 100 - 0.17 50 DLS  300     Pre-exposed concrete   
 NWAC(1)-300-100 G 100 150 150 1 100 - 0.17 100 DLS  300     Pre-exposed concrete   
 NWAC(1)-300-150 G 100 150 150 1 100 - 0.17 150 DLS  300     Pre-exposed concrete   
 NWAC(1)-400-50 G 100 150 150 1 100 - 0.17 50 DLS  400     Pre-exposed concrete   
 NWAC(1)-400-100 G 100 150 150 1 100 - 0.17 100 DLS  400     Pre-exposed concrete   
 NWAC(1)-400-150 G 100 150 150 1 100 - 0.17 150 DLS  400     Pre-exposed concrete   
 NWAC(1)-500-50 G 100 150 150 1 100 - 0.17 50 DLS  500     Pre-exposed concrete   
 NWAC(1)-500-100 G 100 150 150 1 100 - 0.17 100 DLS  500     Pre-exposed concrete   
 NWAC(1)-500-150 G 100 150 150 1 100 - 0.17 150 DLS  500     Pre-exposed concrete   
 NWAC(1)-600-50 G 100 150 150 1 100 - 0.17 50 DLS  600     Pre-exposed concrete   
 NWAC(1)-600-100 G 100 150 150 1 100 - 0.17 100 DLS  600     Pre-exposed concrete   
 NWAC(1)-600-150 G 100 150 150 1 100 - 0.17 150 DLS  600     Pre-exposed concrete   
 NWAC(2)-20-50 G 100 150 150 1 100 - 0.17 50 DLS  20     Pre-exposed concrete   
 NWAC(2)-20-100 G 100 150 150 1 100 - 0.17 100 DLS  20     Pre-exposed concrete   
 NWAC(2)-20-150 G 100 150 150 1 100 - 0.17 150 DLS  20     Pre-exposed concrete   
 NWAC(2)-300-50 G 100 150 150 1 100 - 0.17 50 DLS  300     Pre-exposed concrete   
 NWAC(2)-300-100 G 100 150 150 1 100 - 0.17 100 DLS  300     Pre-exposed concrete   
 NWAC(2)-300-150 G 100 150 150 1 100 - 0.17 150 DLS  300     Pre-exposed concrete   
 NWAC(2)-400-50 G 100 150 150 1 100 - 0.17 50 DLS  400     Pre-exposed concrete   
 NWAC(2)-400-100 G 100 150 150 1 100 - 0.17 100 DLS  400     Pre-exposed concrete   
 NWAC(2)-400-150 G 100 150 150 1 100 - 0.17 150 DLS  400     Pre-exposed concrete   
 NWAC(2)-500-50 G 100 150 150 1 100 - 0.17 50 DLS  500     Pre-exposed concrete   
 NWAC(2)-500-100 G 100 150 150 1 100 - 0.17 100 DLS  500     Pre-exposed concrete   
 NWAC(2)-500-150 G 100 150 150 1 100 - 0.17 150 DLS  500     Pre-exposed concrete   
 NWAC(2)-600-50 G 100 150 150 1 100 - 0.17 50 DLS  600     Pre-exposed concrete   
 NWAC(2)-600-100 G 100 150 150 1 100 - 0.17 100 DLS  600     Pre-exposed concrete   
 NWAC(2)-600-150 G 100 150 150 1 100 - 0.17 150 DLS  600     Pre-exposed concrete   
                       
Huang and Ye 
(2013) 
E-Control S 150 150 300  200 -   SLS  20   0  Room    
E-dry-1 S 150 150 300  200 -   SLS  20   672  Room    
 E-dry-2 S 150 150 300  200 -   SLS  20   1344  Room    
Type E primer E-dry-3 S 150 150 300  200 -   SLS  20   2016  Room    
 E-dry-4 S 150 150 300  200 -   SLS  20   2688  Room    
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 E-dry-6 S 150 150 300  200 -   SLS  20   4032  Room    
 E-wet-1 S 150 150 300  200 -   SLS  20   672  Immersion    
E-wet-2 S 150 150 300  200 -   SLS  20   1344  Immersion    
 E-wet-3 S 150 150 300  200 -   SLS  20   2016  Immersion    
 E-wet-4 S 150 150 300  200 -   SLS  20   2688  Immersion    
 E-wet-6 S 150 150 300  200 -   SLS  20   4032  Immersion    
 E-wet-9 S 150 150 300  200 -   SLS  20   6048  Immersion    
 E-wet50-6 S 150 150 300  200 -   SLS  50   4032  Water temp 50C   
Type F primer F-Control S 150 150 300  200 -   SLS  20   0  Room    
 F-dry-1 S 150 150 300  200 -   SLS  20   672  Room    
 F-dry-2 S 150 150 300  200 -   SLS  20   1344  Room    
 F-dry-3 S 150 150 300  200 -   SLS  20   2016  Room    
 F-dry-4 S 150 150 300  200 -   SLS  20   2688  Room    
 F-dry-6 S 150 150 300  200 -   SLS  20   4032  Room    
 F-wet-1 S 150 150 300  200 -   SLS  20   672  Immersion    
 F-wet-2 S 150 150 300  200 -   SLS  20   1344  Immersion    
 F-wet-3 S 150 150 300  200 -   SLS  20   2016  Immersion    
 F-wet-4 S 150 150 300  200 -   SLS  20   2688  Immersion    
 F-wet-6 S 150 150 300  200 -   SLS  20   4032  Immersion    
 F-wet-9 S 150 150 300  200 -   SLS  20   6048  Immersion    
 F-wet50-6 S 150 150 300  200 -   SLS  50   4032  Water temp 50C   
                       
Shi et al. (2013) S-R-1  S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  - - Control    
 S-0-0-1 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  200h - Control water soaking   
Primer all S-0-0-2 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  200h - Control water soaking   
 S-0-P-1 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  200h - Sustained load, water soaking  
 S-0-P-2 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  200h - Sustained load, water soaking  
 S-100-0-1 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Freeze-thaw GB/T 50082-2009 China  
 S-100-0-2 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Freeze-thaw water   
 S-100-0-3 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Freeze-thaw water   
25% sustained 
load 
S-100-P-1 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Sustained load, FT water   
S-100-P-2 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Sustained load, FT water   
 S-100-P-3 S 100 100 220 1 200 - 0.16 50 DLS 100 -17 8  2h 2h Sustained load, FT water   
Air entrained 
concrete 
S-200-0-1 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Freeze-thaw water   
S-200-0-2 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Freeze-thaw water   
 S-200-0-3 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Freeze-thaw water   
 S-200-P-1 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Sustained load, FT water   
 S-200-P-2 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Sustained load, FT water   
 S-200-P-3 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Sustained load, FT water   
 S-300-0-1 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Freeze-thaw water   
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 S-300-0-2 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Freeze-thaw water   
 S-300-0-3 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Freeze-thaw water   
 S-300-P-1 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Sustained load, FT water   
 S-300-P-2 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Sustained load, FT water   
 S-300-P-3 S 100 100 220 1 200 - 0.16 50 DLS 300 -17 8  2h 2h Sustained load, FT water   
 SQ-R-1 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  - - Control    
 SQ-0-0-1 S 100 100 220 1 200 - 0.16 50 DLS 0 RT RT  400h - Control water soaking   
 SQ-200-0-1 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Freeze-thaw water   
 SQ-200-0-2 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Freeze-thaw water   
 SQ-200-P-1 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Sustained load, FT water   
 SQ-200-P-2 S 100 100 220 1 200 - 0.16 50 DLS 200 -17 8  2h 2h Sustained load, FT water   
                       
Al-Tamini et al. 
(2014) 
Lab40N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Ambient   
Lab32N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Ambient   
 Lab28N5  G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Ambient   
 Lab39N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Ambient   
 Lab30C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, 50C cured   
 Lab34C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, 50C cured   
 Lab32C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, 50C cured   
 Lab27N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Ambient   
 Lab37N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Ambient   
 Lab29C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, 50C cured   
 Lab33C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, 50C cured   
 Lab31C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, 50C cured   
 S14N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun   
 S07N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun   
 S10C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun, Cured 50C  
 S34C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun, Cured 50C  
 S03N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun   
 S11N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun   
 S18C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, cured 50C  
 S31C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, cured 50C  
 P15N5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun, 4% NaCl  
 P16C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun, 4% NaCl, Cured 50C 
 P18C5 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 25%, Sun, 4% NaCl, Cured 50C 
 P07N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, 4% NaCl  
 P09C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, 4% NaCl, cured 50C  
 P17C3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, 4% NaCl, cured 50C  
 P09N3 G 75 75 240 1 185 1to3 1.2 50 SLS     3mo  Sustained 15%, Sun, 4% NaCl  
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Aydin et al. 
(2014) 
M1.1  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   -   -   
M1.2  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   -   -   
M1.3  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   -   -   
 M2.1  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  Tap water    
 M2.2  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  Tap water    
 M2.3  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  Tap water    
 M3.1  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  5% NaCl    
 M3.2  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  5% NaCl    
 M3.3  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  5% NaCl    
 M4.1  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  H2S04 0.1M, pH 4   
 M4.2  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  H2S04 0.1M, pH 4   
 M4.3  G 150 150 300 1 200 - 1.45 50 SLS - Ambient   1344  H2S04 0.1M, pH 4   
                       
Hong et al. 
(2014) 
0  P 100 100 150 1 120 - 0.17 50 DLS 0 -18 5  2h15min 45min FT 3hr/cycle Wet  
20  P 100 100 150 1 120 - 0.17 50 DLS 20 -18 5  2h15min 45min FT GB/T 50082-2009  
 40  P 100 100 150 1 120 - 0.17 50 DLS 40 -18 5  2h15min 45min FT    
Air-entrained 4% 60  P 100 100 150 1 120 - 0.17 50 DLS 60 -18 5  2h15min 45min FT    
80  P 100 100 150 1 120 - 0.17 50 DLS 80 -18 5  2h15min 45min FT    
 100  P 100 100 150 1 120 - 0.17 50 DLS 100 -18 5  2h15min 45min FT    
Super plasticiser 140  P 100 100 150 1 120 - 0.17 50 DLS 140 -18 5  2h15min 45min FT    
180  P 100 100 150 1 120 - 0.17 50 DLS 180 -18 5  2h15min 45min FT    
 200  P 100 100 150 1 120 - 0.17 50 DLS 200 -18 5  2h15min 45min FT    
w/c =0.28 240  P 100 100 150 1 120 - 0.17 50 DLS 240 -18 5  2h15min 45min FT    
 260  P 100 100 150 1 120 - 0.17 50 DLS 260 -18 5  2h15min 45min FT    
                       
Kabir et al. 
(2014) 
C-C-0 NG 150 200 300 2 150 - 0.12 40 SLS 0 Ambient  Ambient   Ambient    
C-H-1 NG 150 200 300 2 150 - 0.12 40 SLS 2 Ambient - 95 1 week 1 week Humidity cycles   
C-E-2 NG 150 200 300 2 150 - 0.12 40 SLS - Outdoor   2 months  Environment   
 C-T-1.25 NG 150 200 300 2 150 - 0.12 40 SLS 70 40 30  5h 7h Temperature cycles   
 C-H-6 NG 150 200 300 2 150 - 0.12 40 SLS 12 Ambient - 95 1 week 1 week Humidity cycles   
 C-E-6 NG 150 200 300 2 150 - 0.12 40 SLS - Outdoor   6 months  Environment   
 C-T-3 NG 150 200 300 2 150 - 0.12 40 SLS 168 40 30  5h 7h Temperature cycles   
 G-C-0 NG 150 200 300 2 150 - 0.3 40 SLS 0 Ambient  Ambient   Ambient    
 G-H-1 NG 150 200 300 2 150 - 0.3 40 SLS 2 Ambient - 95 1 week 1 week Humidity cycles   
 G-E-2 NG 150 200 300 2 150 - 0.3 40 SLS - Outdoor   2 months  Environment   
 G-T-1.75 NG 150 200 300 2 150 - 0.3 40 SLS 70 40 30  5h 7h Temperature cycles   
 G-H-6 NG 150 200 300 2 150 - 0.3 40 SLS 12 Ambient - 95 1 week 1 week Humidity cycles   
 G-E-6 NG 150 200 300 2 150 - 0.3 40 SLS - Outdoor   6 months  Environment   
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 G-T-3 NG 150 200 300 2 150 - 0.3 40 SLS 168 40 30  5h 7h Temperature cycles   
                       
Shrestha et al. 
(2014) 
E39-0 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   0  Ambient Type E   
E39-1 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   672  Continuous immersion water  
E39-2 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   1344  Continuous immersion water  
 E39-3 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2016  Continuous immersion water  
 E39-4 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2688  Continuous immersion water  
 E39-6 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   4032  Continuous immersion water  
 E39-9 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   6048  Continuous immersion water  
 E39-12 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   8064  Continuous immersion water  
 E39-18 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   ####  Continuous immersion water  
 E39-24 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   ####  Continuous immersion water  
 F39-0 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   0  Ambient Type F   
 F39-1 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   672  Continuous immersion water  
 F39-2 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   1344  Continuous immersion water  
 F39-3 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2016  Continuous immersion water  
 F39-4 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2688  Continuous immersion water  
 F39-6 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   4032  Continuous immersion water  
 F39-9 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   6048  Continuous immersion water  
 F39-12 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   8064  Continuous immersion water  
 F39-18 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   ####  Continuous immersion water  
 F39-24 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   ####  Continuous immersion water  
 E39-WD-3 DS 150 150 300 1 200 - 0.11 50 SLS 7.6 20   168 96 Wet-dry cycles   
 E39-WD-6 DS 150 150 300 1 200 - 0.11 50 SLS 15.3 20   168 96 Wet-dry cycles   
 E39-WD-12 DS 150 150 300 1 200 - 0.11 50 SLS 30.5 20   168 96 Wet-dry cycles   
 E39-WD-18 DS 150 150 300 1 200 - 0.11 50 SLS 48.8 20   168 96 Wet-dry cycles   
 F39-WD-3 DS 150 150 300 1 200 - 0.11 50 SLS 7.6 20   168 96 Wet-dry cycles   
 F39-WD-6 DS 150 150 300 1 200 - 0.11 50 SLS 15.3 20   168 96 Wet-dry cycles   
 F39-WD-12 DS 150 150 300 1 200 - 0.11 50 SLS 30.5 20   168 96 Wet-dry cycles   
 F39-WD-18 DS 150 150 300 1 200 - 0.11 50 SLS 48.8 20   168 96 Wet-dry cycles   
 E89-0 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   0  Ambient Type E   
 E89-3 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2016  Continuous immersion water  
 E89-6 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   4032  Continuous immersion water  
 E89-12 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   8064  Continuous immersion water  
 F89-0 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   0  Ambient Type F   
 F89-3 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   2016  Continuous immersion water  
 F89-6 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   4032  Continuous immersion water  
 F89-12 DS 150 150 300 1 200 - 0.11 50 SLS 0 20   8064  Continuous immersion water  
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Hassan et al. 
(2015) 
BOSTUS AH 100 100 300 1 200 1 1.4 50 DLS 0 32  90 0  Control    
BOLTAS-LB AH 100 100 300 1 200 1 1.4 50 DLS - 32  90 6mo  Laboratory    
 BOLTAS-OD AH 100 100 300 1 200 1 1.4 50 DLS - -   6mo  Outdoor    
w/c = 0.47 BOLTAS-PW AH 100 100 300 1 200 1 1.4 50 DLS 12 32   168 168 WD water    
 BOLTAS-SW AH 100 100 300 1 200 1 1.4 50 DLS 12 32   168 168 WD salt - Unknown %   
Max agg. 10mm BOLTALS50-LB AH 100 100 300 1 200 1 1.4 50 DLS - 32  90 6mo  50% sustained - Laboratory  
BOLTALS50-OD AH 100 100 300 1 200 1 1.4 50 DLS - -   6mo  50% sustained - Outdoor   
 BOLTALS50-PW AH 100 100 300 1 200 1 1.4 50 DLS 12 32   168 168 50% sustained - WD water   
BOLTALS50-SW AH 100 100 300 1 200 1 1.4 50 DLS 12 32   168 168 50% sustained - WD salt   
                       
Zhou et al. 
(2015) 
C-0  BH, S 100 100 400 1 300 - 0.17 50 SLS 0 25 40  6 6 Wet/dry 7% sodium sulfate   
C-30  BH, S 100 100 400 1 300 - 0.17 50 SLS 30 25 40  6 6 Wet/dry 7% sodium sulfate   
 C-60  BH, S 100 100 400 1 300 - 0.17 50 SLS 60 25 40  6 6 Wet/dry 7% sodium sulfate   
w/c = 0.48 C-90  BH, S 100 100 400 1 300 - 0.17 50 SLS 90 25 40  6 6 Wet/dry 7% sodium sulfate   
 C-120 BH, S 100 100 400 1 300 - 0.17 50 SLS 120 25 40  6 6 Wet/dry 7% sodium sulfate   
Max agg. 25 mm C-150 BH, S 100 100 400 1 300 - 0.17 50 SLS 150 25 40  6 6 Wet/dry 7% sodium sulfate   
G-0  BH, S 100 100 400 1 300 - 0.17 50 SLS 0 25 40  6 6 Wet/dry 7% sodium sulfate   
 G-30  BH, S 100 100 400 1 300 - 0.17 50 SLS 30 25 40  6 6 Wet/dry 7% sodium sulfate   
No primer G-60  BH, S 100 100 400 1 300 - 0.17 50 SLS 60 25 40  6 6 Wet/dry 7% sodium sulfate   
 G-90  BH, S 100 100 400 1 300 - 0.17 50 SLS 90 25 40  6 6 Wet/dry 7% sodium sulfate   
 G-120 BH, S 100 100 400 1 300 - 0.17 50 SLS 120 25 40  6 6 Wet/dry 7% sodium sulfate   
  G-150 BH, S 100 100 400 1 300 - 0.17 50 SLS 150 25 40   6 6 Wet/dry 7% sodium sulfate     
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Reference and 
other details 
 
 
Specimen IDa 
Materialse 
Results FRP Bondline Concrete 
Type Ef (MPa) ɛfu ff (MPa) Primer Adhesive 
fcm 
(MPa) 
fc.st 
(MPa) Pult (kN) fult (MPa) Pres Failure mode
f 
Mukhopadhyaya 
et al. (1998) 
 
A-Control i GFRP plate 22900 0.014 328  2 part thixotropic epoxy 35  45.1  1.00 CD   
A-Control ii GFRP plate 22900 0.014 328  35  43.6  1.00 CD   
A-Control iii GFRP plate 22900 0.014 328  fa = 24 MPa 35  43.8  1.00 CD   
A-WD i GFRP plate 22900 0.014 328  faf = 55 MPa 35  46.4  1.05 CD, AD   
A-WD ii GFRP plate 22900 0.014 328   35  54.5  1.23 CD, AD   
 A-WD iii GFRP plate 22900 0.014 328   35  46.3  1.05 CD, AD   
 A-FT i GFRP plate 22900 0.014 328   35  43.5  0.99 CD, AD   
Air entrained 
concrete 
A-FT ii GFRP plate 22900 0.014 328   35  44.3  1.00 CD, AD   
A-FT iii GFRP plate 22900 0.014 328   35  40.3  0.91 CD, AD   
A-Dual i GFRP plate 22900 0.014 328   35  55.0  1.24 AD   
7% A-Dual ii GFRP plate 22900 0.014 328   35  40.4  0.92 AD   
w/c =0.57 A-Dual iii GFRP plate 22900 0.014 328   35  49.1  1.11 AD   
 B-Control i GFRP plate 22900 0.014 328   50  41.8  1.00 CD   
 B-Control ii GFRP plate 22900 0.014 328   50  59.4  1.00 CD   
 B-Control iii GFRP plate 22900 0.014 328   50  50.2  1.00 CD   
 B-WD i GFRP plate 22900 0.014 328   50  43.6  0.85 CD, AD   
 B-WD ii GFRP plate 22900 0.014 328   50  57.2  1.12 CD, AD   
 B-WD iii GFRP plate 22900 0.014 328   50  51.4  1.01 CD, AD   
 B-FT i GFRP plate 22900 0.014 328   50  57.2  1.12 CD, AD   
 B-FT ii GFRP plate 22900 0.014 328   50  51.4  1.01 CD, AD   
 B-FT iii GFRP plate 22900 0.014 328   50  58.9  1.15 CD, AD   
 B-Dual i GFRP plate 22900 0.014 328   50  54.7  1.07 AD   
 B-Dual ii GFRP plate 22900 0.014 328   50  55.2  1.08 AD   
 B-Dual iii GFRP plate 22900 0.014 328   50  60.2  1.18 AD   
                 
Barger (2000) 
 
G-Control 1 GFRP sheet 25993 0.02 530  Mbrace adhesive 31.27   2.96 1.00 CD most samples  
G-Control 2 GFRP sheet 25993 0.02 530   31.27   2.62 1.00 CD most samples  
 G-ph3-0 GFRP sheet 25993 0.02 530   31.27   2.80 1.00 CD most samples  
Primer all G-ph3-1 GFRP sheet 25993 0.02 530   31.27   3.14 1.12 CD most samples  
 G-ph3-3 GFRP sheet 25993 0.02 530   31.27   2.66 0.95 CD most samples  
1.25 mm agg G-ph13-0 GFRP sheet 25993 0.02 530   31.27   2.80 1.00 CD most samples  
G-ph13-1 GFRP sheet 25993 0.02 530   31.27   3.14 1.12 CD most samples  
 G-ph13-3 GFRP sheet 25993 0.02 530   31.27   3.08 1.10 CD most samples  
 G-FT-ph3-0 GFRP sheet 25993 0.02 530   31.27   2.70 1.00 CD most samples  
 G-FT-ph3-1 GFRP sheet 25993 0.02 530   31.27   2.37 0.88 CD most samples  
Geometry 
Conditioning 
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 G-FT-ph3-3 GFRP sheet 25993 0.02 530   31.27   2.30 0.85 CD most samples  
 G-FT-ph13-0 GFRP sheet 25993 0.02 530   31.27   2.70 1.00 CD most samples  
 G-FT-ph13-1 GFRP sheet 25993 0.02 530   31.27   2.30 0.85 CD most samples  
 G-FT-ph13-3 GFRP sheet 25993 0.02 530   31.27   2.70 1.00 CD most samples  
 G-FT-0-0 GFRP sheet 25993 0.02 530   31.27   2.77 1.00 CD most samples  
 G-FT-0-3 GFRP sheet 25993 0.02 530   31.27   2.63 0.95 CD most samples  
 G-FT-0-9 GFRP sheet 25993 0.02 530   31.27   3.12 1.12 CD most samples  
 G-FT-25-0 GFRP sheet 25993 0.02 530   31.27   2.77 1.00 CD most samples  
 G-FT-25-1 GFRP sheet 25993 0.02 530   31.27   1.93 0.70 CD most samples  
 G-FT-25-3 GFRP sheet 25993 0.02 530   31.27   2.42 0.87 CD most samples  
 G-W-0 GFRP sheet 25993 0.02 530   31.27   2.66 1.00 CD most samples  
 G-W-5 GFRP sheet 25993 0.02 530   31.27   2.03 0.76 CD most samples  
 G-W-9 GFRP sheet 25993 0.02 530   31.27   4.29 1.61 CD most samples  
 G-out-0 GFRP sheet 25993 0.02 530   31.27   2.77 1.00 CD most samples  
 G-out-8 GFRP sheet 25993 0.02 530   31.27   2.59 0.93 CD most samples  
 C-control 1 CFRP sheet 230300 0.015 382   31.27   3.15 1.00 CD most samples  
 C-control 2 CFRP sheet 230300 0.015 382   31.27   3.23 1.00 CD most samples  
 C-control 3 CFRP sheet 230300 0.015 382   31.27   3.92 1.00 CD most samples  
 C-ph3-0 CFRP sheet 230300 0.015 382   31.27   3.36 1.00 CD most samples  
 C-ph3-1 CFRP sheet 230300 0.015 382   31.27   3.22 0.94 CD most samples  
 C-ph3-3 CFRP sheet 230300 0.015 382   31.27   2.75 0.80 CD most samples  
 C-ph13-0 CFRP sheet 230300 0.015 382   31.27   3.36 1.00 CD most samples  
 C-ph13-1 CFRP sheet 230300 0.015 382   31.27   1.85 0.55 CD most samples  
 C-ph13-3 CFRP sheet 230300 0.015 382   31.27   2.47 0.74 CD most samples  
 C-FT-ph3-0 CFRP sheet 230300 0.015 382   31.27   3.36 1.00 CD most samples  
 C-FT-ph3-3 CFRP sheet 230300 0.015 382   31.27   2.48 0.74 CD most samples  
 C-FT-ph3-5 CFRP sheet 230300 0.015 382   31.27   2.75 0.82 CD most samples  
 C-FT-ph3-9 CFRP sheet 230300 0.015 382   31.27   2.74 0.82 CD most samples  
 C-FT-ph13-0 CFRP sheet 230300 0.015 382   31.27   3.37 1.00 CD most samples  
 C-FT-ph13-3 CFRP sheet 230300 0.015 382   31.27   3.23 0.96 CD most samples  
 C-FT-ph13-5 CFRP sheet 230300 0.015 382   31.27   3.30 0.98 CD most samples  
 C-FT-ph13-9 CFRP sheet 230300 0.015 382   31.27   2.89 0.86 CD most samples  
 C-FT-0-0 CFRP sheet 230300 0.015 382   31.27   3.42 1.00 CD most samples  
 C-FT-0-1 CFRP sheet 230300 0.015 382   31.27   2.23 0.65 CD most samples  
 C-FT-0-3 CFRP sheet 230300 0.015 382   31.27   3.00 0.88 CD most samples  
 C-FT-25-0 CFRP sheet 230300 0.015 382   31.27   3.42 1.00 CD most samples  
 C-FT-25-1 CFRP sheet 230300 0.015 382   31.27   3.48 1.02 CD most samples  
 C-FT-25-3 CFRP sheet 230300 0.015 382   31.27   2.65 0.77 CD most samples  
 G-W-0 CFRP sheet 230300 0.015 382   31.27   2.72 1.00 CD most samples  
 G-W-5 CFRP sheet 230300 0.015 382   31.27   3.60 1.32 CD most samples  
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 G-W-9 CFRP sheet 230300 0.015 382   31.27   3.00 1.10 CD most samples  
 G-out-0 CFRP sheet 230300 0.015 382   31.27   3.31 1.00 CD most samples  
 G-out-8 CFRP sheet 230300 0.015 382   31.27   2.62 0.79 CD most samples  
                 
Green et al. 
(2000) 
 
B0-S-1 CFRP plate 155000 0.019 2400  Sika 2 part epoxy resin 31  35.7  1.00 CD   
B0-S-2 CFRP plate 155000 0.019 2400  31  35.4  1.00 CD   
B0-S-3 CFRP plate 155000 0.019 2400  fa = 24.8 MPa 31  30.5  1.00 CD   
Air entrained 
concrete 
B50-S-1 CFRP plate 155000 0.019 2400  faf = 46.8 MPa 31  49.5  1.46 FA   
B50-S-2 CFRP plate 155000 0.019 2400  fac = 59.3 MPa 31  43.1  1.27 FA   
B50-S-3 CFRP plate 155000 0.019 2400  Ea = 4,500 MPa 31  45.7  1.35 FA   
 B150-S-1 CFRP plate 155000 0.019 2400  fba = 17.9 MPa 31  49.2  1.45 FA   
 B150-S-2 CFRP plate 155000 0.019 2400   31  56.8  1.68 FA   
 B150-S-3 CFRP plate 155000 0.019 2400   31  49.8  1.47 FA   
 B300-S-1 CFRP plate 155000 0.019 2400   31  49.6  1.46 FA   
 B300-S-2 CFRP plate 155000 0.019 2400   31  52.8  1.56 FA   
 B300-S-3 CFRP plate 155000 0.019 2400   31  54.0  1.59 FA   
                 
Homam and 
Sheikh (2001) 
 
Conrol-7 CFRP sheet  0.014 850  Tyfo Type S 35   2.64 1.00 AD   
Temp-7 CFRP sheet  0.014 850   35   3.01 1.14 AD   
Ph10-7 CFRP sheet  0.014 850   35   2.84 1.08 AD   
Ph12-7 CFRP sheet  0.014 850   35   2.82 1.07 AD   
 Ph14-7 CFRP sheet  0.014 850   35   3 1.14 AD   
 Conrol-14 CFRP sheet  0.014 850   35   2.97 1.13 AD   
Air entrained 
concrete 
Temp-14 CFRP sheet  0.014 850   35   2.51 0.95 AD   
Ph10-14 CFRP sheet  0.014 850   35   3.07 1.16 AD   
Ph12-14 CFRP sheet  0.014 850   35   2.97 1.13 AD   
 Ph14-14 CFRP sheet  0.014 850   35   2.68 1.02 AD   
 Conrol-28 CFRP sheet  0.014 850   35   2.87 1.09 AD   
Super plasticizer Temp-28 CFRP sheet  0.014 850   35   3 1.14 AD   
Ph10-28 CFRP sheet  0.014 850   35   3.18 1.20 AD   
 Ph12-28 CFRP sheet  0.014 850   35   2.97 1.13 AD   
 Ph14-28 CFRP sheet  0.014 850   35   2.91 1.10 AD   
 Conrol-84 CFRP sheet  0.014 850   35   3.42 1.30 AD   
 Temp-84 CFRP sheet  0.014 850   35   2.62 0.99 AD   
 Ph10-84 CFRP sheet  0.014 850   35   2.94 1.11 AD   
 Ph12-84 CFRP sheet  0.014 850   35   3.1 1.17 AD   
 Ph14-84 CFRP sheet  0.014 850   35   2.78 1.05 AD   
 Control-FT-50 CFRP sheet  0.014 850   35   3.45 1.02 AD   
 Control-FT-100 CFRP sheet  0.014 850   35   3.41 1.00 AD   
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 Control-FT-200 CFRP sheet  0.014 850   35   3.38 1.00 AD   
 Control-FT-300 CFRP sheet  0.014 850   35   3.58 1.00 AD   
 FT-50 CFRP sheet  0.014 850   35   3.25 0.94 AD   
 FT-100 CFRP sheet  0.014 850   35   3.24 0.94 AD   
 FT-200 CFRP sheet  0.014 850   35   3.24 0.94 AD   
 FT-300 CFRP sheet  0.014 850   35   3.27 0.95 AD   
                 
 Conrol-7 GFRP sheet  0.02 490  Tyfo Type S 35   2.39 1.00 AD   
 Temp-7 GFRP sheet  0.02 490   35   2.17 0.91 AD   
 Ph10-7 GFRP sheet  0.02 490   35   2.05 0.86 AD   
 Ph12-7 GFRP sheet  0.02 490   35   2.21 0.92 AD   
 Ph14-7 GFRP sheet  0.02 490   35   2.21 0.92 AD   
 Conrol-14 GFRP sheet  0.02 490   35   2.31 0.97 AD   
 Temp-14 GFRP sheet  0.02 490   35   2.11 0.88 AD   
 Ph10-14 GFRP sheet  0.02 490   35   2.31 0.97 AD   
 Ph12-14 GFRP sheet  0.02 490   35   2.34 0.98 AD   
 Ph14-14 GFRP sheet  0.02 490   35   2.01 0.84 AD   
 Conrol-28 GFRP sheet  0.02 490   35   2.15 0.90 AD   
 Temp-28 GFRP sheet  0.02 490   35   2.01 0.84 AD   
 Ph10-28 GFRP sheet  0.02 490   35   2.23 0.93 AD   
 Ph12-28 GFRP sheet  0.02 490   35   2.21 0.92 AD   
 Ph14-28 GFRP sheet  0.02 490   35   2.01 0.84 AD   
 Conrol-84 GFRP sheet  0.02 490   35   2.27 0.95 AD   
 Temp-84 GFRP sheet  0.02 490   35   1.91 0.80 AD   
 Ph10-84 GFRP sheet  0.02 490   35   2.27 0.95 AD   
 Ph12-84 GFRP sheet  0.02 490   35   2.32 0.97 AD   
 Ph14-84 GFRP sheet  0.02 490   35   2.17 0.91 AD   
 Control-FT-50 GFRP sheet  0.02 490   35   2.29 1.00 AD   
 Control-FT-100 GFRP sheet  0.02 490   35   2.36 1.00 AD   
 Control-FT-200 GFRP sheet  0.02 490   35   2.79 1.00 AD   
 Control-FT-300 GFRP sheet  0.02 490   35   2.59 1.00 AD   
 FT-50 GFRP sheet  0.02 490   35   2.26 0.90 AD   
 FT-100 GFRP sheet  0.02 490   35   2.51 1.00 AD   
 FT-200 GFRP sheet  0.02 490   35   2.29 0.91 AD   
 FT-300 GFRP sheet  0.02 490   35   2.54 1.01 AD   
                 
Blontrock et al. 
(2002) 
 
20  CFRP plate 165000  2800 No primer Sika Sikadur 30  40 86.0  1.00 CD   
40  CFRP plate 165000  2800  Tg.a = 73 °C  40 121.6  1.41 CD   
55  CFRP plate 165000  2800  Ea = 12,800 MPa  40 107.0  1.24 CD   
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70  CFRP plate 165000  2800  τa > 15 MPa  40 70.0  0.81 AD   
                 
Pack (2003) 1  CFRP Plate 122979 0.019 2211  FRS epoxy 37   4.11 1.00 CD   
 2  CFRP Plate 122979 0.019 2211  Tg.a = 82 °C 37   4.24 1.00 CD   
Cromwell et al. 
(2011) 
3  CFRP Plate 122979 0.019 2211   37   3.51 1.00 CD   
4  CFRP Plate 122979 0.019 2211   37   3.81 1.00 CD   
13  CFRP Plate 122979 0.019 2211   37   3.99 1.02 CD   
14  CFRP Plate 122979 0.019 2211   37   4.38 1.12 CD   
 15  CFRP Plate 122979 0.019 2211   37   4.61 1.18 CD   
 16  CFRP Plate 122979 0.019 2211   37   3.85 0.98 CD   
Normal concrete 73  CFRP Plate 122979 0.019 2211   37   4.81 1.23 CD   
74  CFRP Plate 122979 0.019 2211   37   4.47 1.14 CD   
 75  CFRP Plate 122979 0.019 2211   37   4.02 1.03 CD   
 76  CFRP Plate 122979 0.019 2211   37   4.63 1.18 CD   
 134  CFRP Plate 122979 0.019 2211   37   4.51 1.15 CD   
 135  CFRP Plate 122979 0.019 2211   37   4.99 1.28 CD   
 136  CFRP Plate 122979 0.019 2211   37   4.41 1.13 CD   
 25  CFRP Plate 122979 0.019 2211   37   4.58 1.17 CD   
 26  CFRP Plate 122979 0.019 2211   37   4.58 1.17 CD   
 27  CFRP Plate 122979 0.019 2211   37   4.21 1.08 CD   
 28  CFRP Plate 122979 0.019 2211   37   4.84 1.24 CD   
 85  CFRP Plate 122979 0.019 2211   37   4.40 1.12 R   
 86  CFRP Plate 122979 0.019 2211   37   5.01 1.28 CD   
 87  CFRP Plate 122979 0.019 2211   37   4.66 1.19 CD   
 88  CFRP Plate 122979 0.019 2211   37   4.50 1.15 R   
 137  CFRP Plate 122979 0.019 2211   37   4.38 1.12 CD   
 138  CFRP Plate 122979 0.019 2211   37   2.86 0.73 CD   
 139  CFRP Plate 122979 0.019 2211   37   4.33 1.11 CD   
 140  CFRP Plate 122979 0.019 2211   37   3.88 0.99 CD   
 37  CFRP Plate 122979 0.019 2211   37   4.75 1.21 R   
 38  CFRP Plate 122979 0.019 2211   37   4.53 1.16 CD   
 39  CFRP Plate 122979 0.019 2211   37   4.55 1.16 CD   
 40  CFRP Plate 122979 0.019 2211   37   4.49 1.15 FA   
 97  CFRP Plate 122979 0.019 2211   37   5.03 1.28 CD   
 98  CFRP Plate 122979 0.019 2211   37   5.25 1.34 CD   
 99  CFRP Plate 122979 0.019 2211   37   4.93 1.26 CD   
 100  CFRP Plate 122979 0.019 2211   37   5.10 1.30 CD   
 141  CFRP Plate 122979 0.019 2211   37   3.68 0.94 CD   
 142  CFRP Plate 122979 0.019 2211   37   3.40 0.87 CD   
 143  CFRP Plate 122979 0.019 2211   37   3.90 1.00 CD   
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 144  CFRP Plate 122979 0.019 2211   37   3.71 0.95 CD   
 49  CFRP Plate 122979 0.019 2211   37   3.28 0.84 CD   
 50  CFRP Plate 122979 0.019 2211   37   3.76 0.96 FA   
 51  CFRP Plate 122979 0.019 2211   37   3.36 0.86 CD   
 52  CFRP Plate 122979 0.019 2211   37   3.85 0.98 FA   
 121  CFRP Plate 122979 0.019 2211   37   3.80 0.97 CD   
 122  CFRP Plate 122979 0.019 2211   37   3.81 0.97 CD   
 123  CFRP Plate 122979 0.019 2211   37   3.76 0.96 CD   
 124  CFRP Plate 122979 0.019 2211   37   4.08 1.04 CD   
 61  CFRP Plate 122979 0.019 2211   37   3.99 1.02 CD   
 62  CFRP Plate 122979 0.019 2211   37   4.01 1.03 CD   
 63  CFRP Plate 122979 0.019 2211   37   3.82 0.97 CD   
 64  CFRP Plate 122979 0.019 2211   37   3.82 0.98 CD   
 109  CFRP Plate 122979 0.019 2211   37   5.84 1.49 R   
 110  CFRP Plate 122979 0.019 2211   37   4.24 1.08 R   
 111  CFRP Plate 122979 0.019 2211   37   3.92 1.00 CD   
 112  CFRP Plate 122979 0.019 2211   37   4.12 1.05 CD   
                 
 5  CFRP sheet 58000 N.tf 0.011 820 N/bf  FRS epoxy 37   2.26 1.00 CD   
 6  CFRP sheet 58000 N.tf 0.011 820 N/bf  Tg.a = 82 °C 37   3.17 1.00 CD   
 7  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.65 1.00 CD   
 8  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.25 1.00 CD   
 17  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.04 0.79 FA   
 18  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.37 0.92 FA   
 19  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.03 0.79 FA   
 20  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.92 1.13 FA   
 77  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.28 1.27 CD   
 78  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.52 1.36 CD   
 79  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.19 1.23 R   
 80  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.02 1.17 R   
 145  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.47 1.34 R   
 146  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.03 1.17 R, FA   
 147  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.04 1.17 R, FA   
 148  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.38 0.92 FA   
 29  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.15 0.83 FA   
 30  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.74 1.06 AD   
 31  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.37 1.31 CD   
 32  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.39 1.31 CD   
 89  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   4.11 1.59 CD   
 90  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.52 0.97 CD   
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 91  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.92 1.52 AD   
 92  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.86 1.49 R   
 149  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   4.11 1.59 CD   
 150  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.06 1.18 R, FA   
 151  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.93 1.52 R, FA   
 152  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.77 1.46 CD   
 41  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.40 1.32 CD   
 42  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.45 1.33 CD   
 43  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.97 1.15 CD   
 44  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.53 1.37 FA   
 101  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.78 1.46 CD   
 102  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.52 0.97 CD   
 103  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.62 1.40 CD   
 104  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.43 1.33 CD   
 153  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.25 1.26 CD   
 154  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.46 1.34 CD   
 155  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.90 1.12 CD   
 156  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.06 0.80 FA   
 53  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   0.79 0.31 FA   
 54  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.25 0.87 FA   
 55  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   1.74 0.67 FA   
 56  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   1.53 0.59 CD   
 125  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   1.92 0.74 CD   
 126  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.10 0.81 CD   
 127  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   1.28 0.49 FA   
 128  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   0.89 0.35 FA   
 65  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.49 0.96 AD   
 66  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.42 0.94 CD   
 68  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   2.86 1.11 CD   
 113  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.26 1.26 R, FA   
 114  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.16 1.22 CD   
 115  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.05 1.18 FA   
 116  CFRP sheet 58000 N.tf 0.011 820 N/bf   37   3.75 1.45 CF   
                 
 9  GFRP sheet 18000.tf 0.019 330/bf  FRS epoxy 37   2.30 1.00 CD   
 10  GFRP sheet 18000.tf 0.019 330/bf  Tg.a = 82 °C 37   2.09 1.00 CD   
 11  GFRP sheet 18000.tf 0.019 330/bf   37   2.58 1.00 CD   
 12  GFRP sheet 18000.tf 0.019 330/bf   37   2.29 1.00 CD   
 21  GFRP sheet 18000.tf 0.019 330/bf   37   2.66 1.15 CD   
 22  GFRP sheet 18000.tf 0.019 330/bf   37   2.17 0.94 CD   
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 23  GFRP sheet 18000.tf 0.019 330/bf   37   2.66 1.15 CD   
 24  GFRP sheet 18000.tf 0.019 330/bf   37   2.57 1.11 CD   
 81  GFRP sheet 18000.tf 0.019 330/bf   37   2.00 0.87 R   
 82  GFRP sheet 18000.tf 0.019 330/bf   37   2.09 0.90 R   
 83  GFRP sheet 18000.tf 0.019 330/bf   37   2.11 0.91 R   
 84  GFRP sheet 18000.tf 0.019 330/bf   37   1.83 0.79 R   
 157  GFRP sheet 18000.tf 0.019 330/bf   37   2.40 1.04 CD   
 158  GFRP sheet 18000.tf 0.019 330/bf   37   1.73 0.75 R   
 159  GFRP sheet 18000.tf 0.019 330/bf   37   2.63 1.14 R   
 160  GFRP sheet 18000.tf 0.019 330/bf   37   2.53 1.09 CD   
 33  GFRP sheet 18000.tf 0.019 330/bf   37   2.15 0.93 R   
 34  GFRP sheet 18000.tf 0.019 330/bf   37   1.46 0.63 FA   
 35  GFRP sheet 18000.tf 0.019 330/bf   37   2.51 1.09 FA   
 36  GFRP sheet 18000.tf 0.019 330/bf   37   2.24 0.97 R   
 93  GFRP sheet 18000.tf 0.019 330/bf   37   2.07 0.90 R   
 94  GFRP sheet 18000.tf 0.019 330/bf   37   1.85 0.80 R   
 95  GFRP sheet 18000.tf 0.019 330/bf   37   1.86 0.80 R   
 96  GFRP sheet 18000.tf 0.019 330/bf   37   1.90 0.82 R   
 161  GFRP sheet 18000.tf 0.019 330/bf   37   0.95 0.41 R   
 162  GFRP sheet 18000.tf 0.019 330/bf   37   0.90 0.39 R   
 163  GFRP sheet 18000.tf 0.019 330/bf   37   1.31 0.57 R   
 164  GFRP sheet 18000.tf 0.019 330/bf   37   1.66 0.72 R   
 45  GFRP sheet 18000.tf 0.019 330/bf   37   2.61 1.13 CD   
 46  GFRP sheet 18000.tf 0.019 330/bf   37   2.48 1.07 CD   
 47  GFRP sheet 18000.tf 0.019 330/bf   37   2.45 1.06 FA   
 48  GFRP sheet 18000.tf 0.019 330/bf   37   2.61 1.13 R   
 105  GFRP sheet 18000.tf 0.019 330/bf   37   2.67 1.16 CD   
 106  GFRP sheet 18000.tf 0.019 330/bf   37   2.75 1.19 CD   
 107  GFRP sheet 18000.tf 0.019 330/bf   37   2.34 1.01 R   
 108  GFRP sheet 18000.tf 0.019 330/bf   37   2.50 1.08 FA   
 165  GFRP sheet 18000.tf 0.019 330/bf   37   1.76 0.76 AD   
 166  GFRP sheet 18000.tf 0.019 330/bf   37   2.43 1.05 FA   
 167  GFRP sheet 18000.tf 0.019 330/bf   37   2.06 0.89 FA   
 168  GFRP sheet 18000.tf 0.019 330/bf   37   2.00 0.86 AD   
 57  GFRP sheet 18000.tf 0.019 330/bf   37   2.53 1.09 R   
 58  GFRP sheet 18000.tf 0.019 330/bf   37   2.31 1.00 CD   
 59  GFRP sheet 18000.tf 0.019 330/bf   37   2.72 1.18 CD   
 60  GFRP sheet 18000.tf 0.019 330/bf   37   2.16 0.93 CD   
 129  GFRP sheet 18000.tf 0.019 330/bf   37   2.43 1.05 CD   
 130  GFRP sheet 18000.tf 0.019 330/bf   37   2.60 1.13 CD   
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 131  GFRP sheet 18000.tf 0.019 330/bf   37   2.22 0.96 CD   
 132  GFRP sheet 18000.tf 0.019 330/bf   37   2.07 0.90 CD   
 69  GFRP sheet 18000.tf 0.019 330/bf   37   2.74 1.18 CD   
 70  GFRP sheet 18000.tf 0.019 330/bf   37   2.17 0.94 CD   
 71  GFRP sheet 18000.tf 0.019 330/bf   37   2.09 0.90 FA   
 72  GFRP sheet 18000.tf 0.019 330/bf   37   2.74 1.19 CD   
 117  GFRP sheet 18000.tf 0.019 330/bf   37   2.56 1.11 R   
 118  GFRP sheet 18000.tf 0.019 330/bf   37   2.53 1.09 CD   
 119  GFRP sheet 18000.tf 0.019 330/bf   37   2.87 1.24 CD   
 120  GFRP sheet 18000.tf 0.019 330/bf   37   2.68 1.16 CD   
                 
Woods (2003) 364 samples CFRP plate 11803  118  fa = 23 MPa     - -   
 364 samples  to  to       - -   
 364 samples  267583  2930       - -   
 364 samples           - -   
 364 samples           - -   
 364 samples           - -   
 364 samples           - -   
 364 samples           -    
                 
Dohnalek (2004) A-S-0 CFRP plate1 165000 0.017 2800  Sika Sikadur 30 42   2.50 1.00 CD 80%, AD 20%  
Air entrained 
concrete 
A-S-25  165000 0.017 2800  fa = 24.8 MPa 42   2.90 1.16 CD 80%, AD 20%  
A-S-50  165000 0.017 2800  Ea = 4,500 MPa 42   3.00 1.20 CD 80%, AD 20%  
 A-S-75  165000 0.017 2800   42   2.30 0.92 CD 80%, AD 20%  
 A-F-0 CFRP plate2 155000 0.013 1800  Fyfe Tyfo TC 42   2.60 1.00 CD 75%, AD 25%  
 A-F-25  155000 0.013 1800   42   2.90 1.12 CD 75%, AD 25%  
 A-F-50  155000 0.013 1800   42   2.70 1.04 CD 75%, AD 25%  
 A-F-75  155000 0.013 1800   42   2.50 0.96 CD 75%, AD 25%  
 A-B-0 CFRP plate2 +ad 155000 0.013 1800  Betosan Betolit 0-1 DC TH 42   3.00 1.00 CD 60%, AD 40%  
 A-B-25  155000 0.013 1800  42   3.20 1.07 CD 60%, AD 40%  
 A-B-50  155000 0.013 1800   42   3.10 1.03 CD 60%, AD 40%  
 A-B-75  155000 0.013 1800   42   2.30 0.77 CD 60%, AD 40%  
Normal concrete N-S-0 CFRP plate1 165000 0.017 2800  Sika Sikadur 30 66   3.10 1.00 CD 40%, AD 60%  
N-S-25  165000 0.017 2800  fa = 24.8 MPa 66   3.00 0.97 CD 40%, AD 60%  
 N-S-50  165000 0.017 2800  Ea = 4,500 MPa 66   3.30 1.06 CD 40%, AD 60%  
w/c = 0.45 N-S-75  165000 0.017 2800   66   2.80 0.90 CD 40%, AD 60%  
 N-F-0 CFRP plate2 155000 0.013 1800  Fyfe Tyfo TC 66   2.90 1.00 CD 50%, AD 50%  
 N-F-25  155000 0.013 1800   66   3.10 1.07 CD 50%, AD 50%  
 N-F-50  155000 0.013 1800   66   2.50 0.86 CD 50%, AD 50%  
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 N-F-75  155000 0.013 1800   66   2.20 0.76 CD 50%, AD 50%  
 N-B-0 CFRP plate2 +ad 155000 0.013 1800  Sika Sikadur 30 66   2.90 1.00 CD 40%, AD 15%, FA 45% 
 N-B-25  155000 0.013 1800  fa = 24.8 MPa 66   2.50 0.86 CD 40%, AD 15%, FA 45% 
 N-B-50  155000 0.013 1800  Ea = 4,500 MPa 66   2.40 0.83 CD 40%, AD 15%, FA 45% 
 N-B-75  155000 0.013 1800   66   2.30 0.79 CD 40%, AD 15%, FA 45% 
                 
2nd set  A-S-0 CFRP plate1 165000 0.017 2800  Sika Sikadur 30 42   2.50 1.00 CD 80%, AD 20%  
Air entrained 
concrete 
A-S-25  165000 0.017 2800  fa = 24.8 MPa 42   3.20 1.28 CD 80%, AD 20%  
A-S-50  165000 0.017 2800  Ea = 4,500 MPa 42   2.80 1.12 CD 80%, AD 20%  
 A-S-75  165000 0.017 2800   42   3.80 1.52 CD 80%, AD 20%  
 A-F-0 CFRP plate2 155000 0.013 1800  Fyfe Tyfo TC 42   2.60 1.00 CD 75%, AD 25%  
 A-F-25  155000 0.013 1800   42   2.80 1.08 CD 75%, AD 25%  
 A-F-50  155000 0.013 1800   42   2.70 1.04 CD 75%, AD 25%  
 A-F-75  155000 0.013 1800   42   2.80 1.08 CD 75%, AD 25%  
 A-B-0 CFRP plate2 +ad 155000 0.013 1800  Betosan Betolit 0-1 DC TH 42   3.00 1.00 CD 60%, AD 40%  
 A-B-25  155000 0.013 1800  42   2.90 0.97 CD 60%, AD 40%  
 A-B-50  155000 0.013 1800   42   3.30 1.10 CD 60%, AD 40%  
 A-B-75  155000 0.013 1800   42   3.00 1.00 CD 60%, AD 40%  
Normal concrete N-S-0 CFRP plate1 165000 0.017 2800  Sika Sikadur 30 66   3.10 1.00 CD 40%, AD 60%  
N-S-25  165000 0.017 2800  fa = 24.8 MPa 66   3.30 1.06 CD 40%, AD 60%  
 N-S-50  165000 0.017 2800  Ea = 4,500 MPa 66   3.10 1.00 CD 40%, AD 60%  
w/c = 0.45 N-S-75  165000 0.017 2800   66   3.00 0.97 CD 40%, AD 60%  
 N-F-0 CFRP plate2 155000 0.013 1800  Fyfe Tyfo TC 66   2.90 1.00 CD 50%, AD 50%  
 N-F-25  155000 0.013 1800   66   3.10 1.07 CD 50%, AD 50%  
 N-F-50  155000 0.013 1800   66   3.40 1.17 CD 50%, AD 50%  
 N-F-75  155000 0.013 1800   66   3.00 1.03 CD 50%, AD 50%  
 N-B-0 CFRP plate2 +ad 155000 0.013 1800  Sika Sikadur 30 66   2.90 1.00 CD 40%, AD 15%, FA 45% 
 N-B-25  155000 0.013 1800  fa = 24.8 MPa 66   3.20 1.10 CD 40%, AD 15%, FA 45% 
 N-B-50  155000 0.013 1800  Ea = 4,500 MPa 66   2.70 0.93 CD 40%, AD 15%, FA 45% 
 N-B-75  155000 0.013 1800   66   2.50 0.86 CD 40%, AD 15%, FA 45% 
                 
Wu et al. (2005) O-20-1 CFRP sheet 235000  3400  Ordinary Epoxy 30  26.6  1.00 P, CD   
O-20-2 CFRP sheet 235000  3400  HDT = 43 °C 30  25.6  1.00 P, CD   
 O-20-3 CFRP sheet 235000  3400 Tg.p = 34 °C Tg.a = 34 °C 30  24.5  1.00 CD   
 O-30-1 CFRP sheet 235000  3400  fa = 51.9 MPa 30  24.3  0.95 CD   
Normal concrete O-30-2 CFRP sheet 235000  3400  Ea = 3,340 MPa 30  21.3  0.83 P, CD   
O-30-3 CFRP sheet 235000  3400   30  20.8  0.81 P   
 O-40-1 CFRP sheet 235000  3400   30  14.6  0.57 P   
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 O-40-2 CFRP sheet 235000  3400   30  14.2  0.55 P   
 O-40-3 CFRP sheet 235000  3400   30  11.2  0.44 P   
 O-50-1 CFRP sheet 235000  3400   30  10.9  0.42 P   
 O-50-2 CFRP sheet 235000  3400   30  9.7  0.38 P   
 O-50-3 CFRP sheet 235000  3400   30  9.4  0.37 P   
 T-20-1 CFRP sheet 235000  3400  Thermoresistant Epoxy 30  32.2  1.00 CD   
 T-20-2 CFRP sheet 235000  3400 HDT = 55 °C HDT = 40 °C 30  29.6  1.00 P, CD   
 T-20-3 CFRP sheet 235000  3400 Tg.p = 50 °C Tg.a = 40 °C 30  24.1  1.00 P, CD   
 T-40-1 CFRP sheet 235000  3400  fa = - 30  23.6  0.82 P   
 T-40-2 CFRP sheet 235000  3400  Ea = - 30  23.5  0.82 P   
 T-40-3 CFRP sheet 235000  3400   30  19.4  0.68 CD   
 T-50-1 CFRP sheet 235000  3400   30  20.0  0.70 P   
 T-50-2 CFRP sheet 235000  3400   30  16.3  0.57 P   
 T-50-3 CFRP sheet 235000  3400   30  15.4  0.54 P   
 T-60-1 CFRP sheet 235000  3400   30  14.3  0.50 P   
 T-60-2 CFRP sheet 235000  3400   30  12.9  0.45 P   
 T-60-3 CFRP sheet 235000  3400   30  12.1  0.42 P   
                 
Au and 
Büyüköztürk 
(2006) 
 
23C Dry CFRP plate 148000  2700  Adhesive1 29  23.6  1.00 CD, AD   
23C Wet CFRP plate 148000  2700  fa = 21.9 MPa 29  18.3  0.78 AD   
23C Wet CFRP plate 148000  2700  Ea = 4,100 MPa 29  -  - AD   
 50C Dry CFRP plate 148000  2700  Adhesive2 29  23.4  0.99 CD, AD   
 50C Wet CFRP plate 148000  2700  fa = 23 MPa 29  17.0  0.72 AD   
 50C Wet CFRP plate 148000  2700  Ea = 1,500 MPa 29  -  - AD   
 50C Wet CFRP plate 148000  2700   29  -  - AD   
                 
Alfar (2006) G.E1.N CFRP plate 168000 0.02 3360  1: fa = 25.1 MPa, Ea = 7,905 MPa 45  20.2  1.00 CD   
G.E1M.N CFRP plate 168000 0.02 3360  2: fa = 14.9 MPa, Ea = 5,716 MPa 45  22.3  1.00 CD   
 G.E2.N CFRP plate 168000 0.02 3360  3: fa = 25.2 MPa, Ea = 8,995 MPa 45  19.9  1.00 CD   
Pre attachment 
exposure 4 
months 
G.E1.S.N CFRP plate 168000 0.02 3360  Adhesive1 45  21.9  1.08 CD   
G.E1M.S.N CFRP plate 168000 0.02 3360  Adhesive2 45  25.3  1.13 CD   
G.E2.S.N CFRP plate 168000 0.02 3360  Adhesive3 45  20.2  1.01 CD   
 GE1.S.TH CFRP plate 168000 0.02 3360  Adhesive1 45  25.4  1.25 CD   
and G.E1M.S.TH CFRP plate 168000 0.02 3360  Adhesive2 45  29.5  1.32 CD   
 G.E2.S.TH CFRP plate 168000 0.02 3360  Adhesive3 45  25.1  1.26 CD   
Post attachment 
exposure 12 
months 
J.E1.A CFRP plate 168000 0.02 3360  Adhesive1 45  21.5  1.06 CD   
J.E1M.A CFRP plate 168000 0.02 3360  Adhesive2 45  24.4  1.10 CD   
JE2.A CFRP plate 168000 0.02 3360  Adhesive3 45  20.9  1.05 CD   
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J.E1.Q CFRP plate 168000 0.02 3360  Adhesive1 45  29.0  1.43 CD   
 J.E1M.Q CFRP plate 168000 0.02 3360  Adhesive2 45  32.0  1.43 CD   
 J.E2.Q CFRP plate 168000 0.02 3360  Adhesive3 45  26.9  1.35 CD   
 JE1.D CFRP plate 168000 0.02 3360  Adhesive1 45  20.7  1.02 CD   
 J.E1M.D CFRP plate 168000 0.02 3360  Adhesive2 45  23.0  1.03 CD   
 J.E2.D CFRP plate 168000 0.02 3360  Adhesive3 45  20.0  1.00 CD   
                 
Gamage et al. 
(2006) 
 
   240000  3800  fa = 50 MPa 55     -   
   240000  3800  Ea = 3,000 MPa 55     -   
   240000  3800   55     -   
                 
Hu et al. (2007) 1  GFRP sheet 83030 0.04 3271  Adhesive 1 32.4  11.3  1.00 CD   
2  GFRP sheet 83030 0.04 3271   32.4  8.9  0.79 CD   
 3  GFRP sheet 83030 0.04 3271   32.4  8.5  0.75 CD   
4  GFRP sheet 83030 0.04 3271   32.4  9.2  0.81 CD   
 5  GFRP sheet 83030 0.04 3271   32.4  8.4  0.74 CD   
 6  CFRP sheet 206900 0.02 3820  Adhesive 2 32.4  9.0  1.00 CD   
 7  CFRP sheet 206900 0.02 3820   32.4  8.6  0.96 CD   
 8  CFRP sheet 206900 0.02 3820   32.4  8.3  0.92 CD   
 9  CFRP sheet 206900 0.02 3820   32.4  6.9  0.77 CD   
 10  CFRP sheet 206900 0.02 3820   32.4  6.3  0.70 CD   
                 
Ekenel and Myers 
(2009) 
 
C-1  CFRP sheet 227500 0.017 227500   29.3 34.5 72.1  1.00 CD   
C-2  CFRP sheet 227500 0.017 227500   29.3 34.5 -  - CD   
 C-3  CFRP sheet 227500 0.017 227500   29.3 34.5 -  - CD   
 E-1  CFRP sheet 227500 0.017 227500   29.3 34.5 37.3  0.52 CD   
 E-2  CFRP sheet 227500 0.017 227500   29.3 34.5 -  - CD   
 E-3  CFRP sheet 227500 0.017 227500   29.3 34.5 -  - CD   
                 
Subramaniam et 
al. (2007) 
D1  CFRP Sheet 240000     38  1.0P  1.00 -   
E1  CFRP Sheet 243000     38  0.92P  0.92 -   
E2  CFRP Sheet 239000     38  0.88P  0.88 -   
 F1  CFRP Sheet 247000     38  0.83P  0.83 -   
                 
Fava et al. (2007) R18A CFRP plate 400000  2200  fa = 30.2 MPa 38.5  34.0  1.00 -   
R18B  CFRP plate 400000  2200 fac = 22.5 MPa 38.5  32.0  1.00 -   
Normal concrete R12A CFRP plate 400000  2200  Ea = 12,840 MPa 38.5  42.0  1.02 -   
R12B  CFRP plate 400000  2200   38.5  41.5  0.94 -   
 R15A CFRP plate 400000  2200   38.5  33.5  1.02 -   
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 R15B  CFRP plate 400000  2200   38.5  31.0  0.94 -   
                 
Tam (2007) 100-C-1 CFRP plate 72400 0.012 876  fa = 72.4 MPa 43.2  16.0  1.00 CD   
 100-C-2 CFRP plate 72400 0.012 876  Ea = 6,180 MPa 43.2  19.2  1.00 CD   
 100-C-3 CFRP plate 72400 0.012 876   43.2  18.4  1.00 CD   
 100-FT-1 CFRP plate 72400 0.012 876   43.2  17.2  0.96 CD   
 100-FT-2 CFRP plate 72400 0.012 876   43.2  17.1  0.96 CD   
 100-FT-3 CFRP plate 72400 0.012 876   43.2  16.0  0.90 CD   
 100-S-1 CFRP plate 72400 0.012 876   43.2  17.3  0.97 CD   
 100-S-2 CFRP plate 72400 0.012 876   43.2  17.9  1.00 CD   
 100-S-3 CFRP plate 72400 0.012 876   43.2  15.8  0.88 CD   
Air entrained 
concrete 
100-SFT-1 CFRP plate 72400 0.012 876   43.2  20.0  1.12 CD   
100-SFT-2 CFRP plate 72400 0.012 876   43.2  20.5  1.15 CD   
 100-SFT-3 CFRP plate 72400 0.012 876   43.2  18.0  1.01 CD   
Super plasticizer 200-C-1 CFRP plate 72400 0.012 876   43.2  16.4  1.00 CD   
200-C-2 CFRP plate 72400 0.012 876   43.2  17.2  1.00 CD   
 200-C-3 CFRP plate 72400 0.012 876   43.2  17.6  1.00 CD   
 200-FT-1 CFRP plate 72400 0.012 876   43.2  17.1  1.00 CD   
 200-FT-2 CFRP plate 72400 0.012 876   43.2  23.6  1.38 CD   
 200-FT-3 CFRP plate 72400 0.012 876   43.2  24.0  1.41 CD   
 200-S-1 CFRP plate 72400 0.012 876   43.2  23.2  1.36 CD   
 200-S-2 CFRP plate 72400 0.012 876   43.2  17.3  1.01 CD   
 200-S-3 CFRP plate 72400 0.012 876   43.2  19.7  1.15 CD   
 200-SFT-1 CFRP plate 72400 0.012 876   43.2  21.8  1.28 CD   
 200-SFT-2 CFRP plate 72400 0.012 876   43.2  21.2  1.24 CD   
 200-SFT-3 CFRP plate 72400 0.012 876   43.2  18.2  1.07 CD   
                 
 100-C-1 GFRP plate 26100 0.022 575  fa = 72.4 MPa 43.2  13.3  1.00 CD   
 100-C-2 GFRP plate 26100 0.022 575  Ea = 6,180 MPa 43.2  13.1  1.00 CD   
 100-C-3 GFRP plate 26100 0.022 575   43.2  15.7  1.00 CD   
 100-FT-1 GFRP plate 26100 0.022 575   43.2  -  - CD   
 100-FT-2 GFRP plate 26100 0.022 575   43.2  14.4  1.03 CD   
 100-FT-3 GFRP plate 26100 0.022 575   43.2  13.1  0.93 CD   
 100-S-1 GFRP plate 26100 0.022 575   43.2  13.3  0.95 CD   
 100-S-2 GFRP plate 26100 0.022 575   43.2  15.5  1.10 CD   
 100-S-3 GFRP plate 26100 0.022 575   43.2  16.5  1.18 CD   
 100-SFT-1 GFRP plate 26100 0.022 575   43.2  12.6  0.90 CD   
 100-SFT-2 GFRP plate 26100 0.022 575   43.2  13.9  0.99 CD   
 100-SFT-3 GFRP plate 26100 0.022 575   43.2  15.0  1.07 CD   
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 200-C-1 GFRP plate 26100 0.022 575   43.2  12.0  1.00 CD   
 200-C-2 GFRP plate 26100 0.022 575   43.2  13.2  1.00 CD   
 200-C-3 GFRP plate 26100 0.022 575   43.2  12.8  1.00 CD   
 200-FT-1 GFRP plate 26100 0.022 575   43.2  17.8  1.41 CD   
 200-FT-2 GFRP plate 26100 0.022 575   43.2  18.2  1.44 CD   
 200-FT-3 GFRP plate 26100 0.022 575   43.2  17.4  1.37 CD   
 200-S-1 GFRP plate 26100 0.022 575   43.2  14.5  1.14 CD   
 200-S-2 GFRP plate 26100 0.022 575   43.2  16.6  1.31 CD   
 200-S-3 GFRP plate 26100 0.022 575   43.2  15.8  1.25 CD   
 200-SFT-1 GFRP plate 26100 0.022 575   43.2  15.0  1.18 CD   
 200-SFT-2 GFRP plate 26100 0.022 575   43.2  -  - CD   
 200-SFT-3 GFRP plate 26100 0.022 575   43.2  16.8  1.33 CD   
                 
Cai (2008) CS-4  CFRP sheet     Tg.a = 50 °C   26.7  1.00 AD   
 CS-4  CFRP sheet        23.2  1.00 AD   
cited in: CS-4  CFRP sheet        24.6  1.00 AD   
Dai et al. (2013) CS-40 CFRP sheet        34.2  1.38 AD   
 CS-40 CFRP sheet        34.0  1.37 AD   
 CS-40 CFRP sheet        32.0  1.29 AD   
 CS-60 CFRP sheet        15.9  0.64 AD   
 CS-60 CFRP sheet        15.8  0.64 AD   
 CS-60 CFRP sheet        12.8  0.52 AD   
 CS-80 CFRP sheet        8.0  0.32 AD   
 CS-80 CFRP sheet        9.1  0.37 AD   
 CS-80 CFRP sheet        8.8  0.35 AD   
 CS-100 CFRP sheet        8.7  0.35 AD   
 CS-100 CFRP sheet        8.1  0.33 AD   
 CS-100 CFRP sheet        8.5  0.34 AD   
 CS-120 CFRP sheet        8.3  0.33 AD   
 CS-120 CFRP sheet        8.6  0.35 AD   
 CS-120 CFRP sheet        9.2  0.37 AD   
 CS-140 CFRP sheet        8.3  0.33 AD   
 CS-140 CFRP sheet        9.3  0.37 AD   
 CS-140 CFRP sheet        8.3  0.33 AD   
 CS-160 CFRP sheet        8.2  0.33 AD   
 CS-180 CFRP sheet        8.4  0.34 AD   
                 
Foster and Bisby 
(2008) 
20-A  CFRP sheet 230000 0.002 3970  Tg.a = 62 °C   1P  1.00 CD   
20-B  CFRP sheet 230000 0.002 3970     0.98P  1.00 CD   
 20-C  CFRP sheet 230000 0.002 3970     1.04P  1.00 CD   
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 100-A CFRP sheet 230000 0.002 3970     0.92P  1.00 CD   
 100-B CFRP sheet 230000 0.002 3970     0.84P  0.91 CD   
 100-C CFRP sheet 230000 0.002 3970     0.74P  0.80 CD   
 140-A CFRP sheet 230000 0.002 3970     0.98P  1.07 CD   
 140-B CFRP sheet 230000 0.002 3970     0.92P  1.00 CD   
 140-C CFRP sheet 230000 0.002 3970     0.88P  0.96 CD   
 180-A CFRP sheet 230000 0.002 3970     0.26P  0.28 AD   
 180-B CFRP sheet 230000 0.002 3970     0.18P  0.20 AD   
 180-C CFRP sheet 230000 0.002 3970     0.16P  0.17 AD   
 195-A CFRP sheet 230000 0.002 3970     0.12P  0.13 AD   
 195-B CFRP sheet 230000 0.002 3970     0.12P  0.13 AD   
 195-C CFRP sheet 230000 0.002 3970     0.12P  0.13 AD   
 250-A CFRP sheet 230000 0.002 3970     0.1P  0.11 AD   
 250-B CFRP sheet 230000 0.002 3970     0.09P  0.10 AD   
 250-B CFRP sheet 230000 0.002 3970     0.08P  0.09 AD   
                 
Leone et al. 
(2008) 
C_S_20 CFRP Sheet 226000 ##### 2600  TRADECC PC5800 CARBO 41.3  12.0  1.00 CD, AD   
C_S_50 CFRP Sheet 226000 ##### 2600  Tg.a = 55 °C 41.3  14.9  1.24 AD, FA   
C_S_65 CFRP Sheet 226000 ##### 2600  Ea = 27,529 MPa 41.3  12.8  1.07 CD, AD   
 C_S_80 CFRP Sheet 226000 ##### 2600  fa = 61 MPa 41.3  10.7  0.90 FA   
Normal concrete C_L_20 CFRP Plate 176000 ##### 2450  TRADECC PC5800/BL 41.3  40.5  1.00 AD, FA   
C_L_50 CFRP Plate 176000 ##### 2450  Tg.a = 55 °C, fa = 61 MPa 41.3  34.3  0.85 AD, FA   
 C_L_80 CFRP Plate 176000 ##### 2450  Ea = 2,000 MPa 41.3  44.0  1.09 FA, AD   
 G_S_20 Glass sheet 73000 - 780  TRADECC PC5800 CARBO 41.3  14.6  1.00 CD   
 G_S_80 Glass sheet 73000 - 780   41.3  11.6  0.80 FA   
                 
Subramaniam et 
al. (2008) 
 
0-100-C CFRP Sheet 240000 0.018 3830  fa = 72.4 MPa 39 38 10.8  1.00 CD   
0-100-F1 CFRP Sheet 243000 0.018 3830   39 38 10.0  0.92 Less CD with cycles  
0-100-F2 CFRP Sheet 243000 0.018 3830   39 38 10.0  0.92 Less CD with cycles  
 0-200-C CFRP Sheet 243000 0.018 3830   39 38 12.3  1.00 CD   
 0-200-F1 CFRP Sheet 239000 0.018 3830   39 38 10.8  0.88 Less CD with cycles  
All primer 0-200-F2 CFRP Sheet 239000 0.018 3830   39 38 10.8  0.88 Less CD with cycles  
 0-300-C1 CFRP Sheet 239000 0.018 3830   39 38 11.2  1.00 CD   
Normal concrete 0-300-C2 CFRP Sheet 239000 0.018 3830   39 38 11.2  1.00 CD   
0-300-F1 CFRP Sheet 247000 0.018 3830   39 38 9.3  0.83 Less CD with cycles  
 0-300-F2 CFRP Sheet 247000 0.018 3830   39 38 9.3  0.83 Less CD with cycles  
 0-300-F3 CFRP Sheet 247000 0.018 3830   39 38 9.3  0.83 Less CD with cycles  
 0-300-F4 CFRP Sheet 247000 0.018 3830   39 38 9.3  0.83 Less CD with cycles  
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Colombi et al. 
(2009) 
P15A CFRP sheet 409289  3407   25.03 23.37 27.6  1.00 Generally CD  
P18A CFRP strip 176560  2101   25.03 23.37 42.7  1.00 Generally CD  
P19A CFRP sheet 409289  3407   25.03 23.37 29.2  1.00 Generally CD  
 P20A CFRP strip 176560  2101   25.03 23.37 36.8  1.00 Generally CD  
 P15B  CFRP sheet 409289  3407   25.03 23.37 19.5  1.00 Generally CD  
Normal concrete P18B  CFRP strip 176560  2101   25.03 23.37 30.8  1.00 Generally CD  
P19B  CFRP sheet 409289  3407   25.03 23.37 19.1  1.00 Generally CD  
 P20B  CFRP strip 176560  2101   25.03 23.37 30.0  1.00 Generally CD  
Primer V7A  CFRP strip 176560  2101   25  35.0  - Generally CD  
 V8A  CFRP strip 176560  2101   25  29.2  - Generally CD  
 V11A CFRP strip 176560  2101   25  32.8  - Generally CD  
 V7B  CFRP strip 176560  2101   25  26.8  - Generally CD  
 V8B  CFRP strip 176560  2101   25  32.8  - Generally CD  
 V11B  CFRP strip 176560  2101   25  32.3  - Generally CD  
 V24A CFRP sheet 239641  2101   25  25.4  - Generally CD  
 V25A CFRP sheet 239642  2101   25  29.9  - Generally CD  
 V26A CFRP sheet 239643  2101   25  24.4  - Generally CD  
 V24B  CFRP sheet 239644  2101   25  20.8  - Generally CD  
 V25B  CFRP sheet 239645  2101   25  23.1  - Generally CD  
 V26B  CFRP sheet 239646  2101   25  22.1  - Generally CD  
                 
 P1A  CFRP sheet 409289    fa = 30.2 MPa 24.71  29.2  1.03 Generally CD  
 P2A  CFRP strip 176560    Ea = 12,840 MPa 24.71  41.2  1.04 Generally CD  
 P3A  CFRP sheet 409289     24.71  25.6  0.90 Generally CD  
 P4A  CFRP strip 176560     24.71  44.4  1.12 Generally CD  
 P5A  CFRP sheet 409289     24.71  33.9  1.19 Generally CD  
 P6A  CFRP strip 176560     24.71  49.0  1.23 Generally CD  
 P1B  CFRP sheet 409289     24.71  15.9  0.83 Generally CD  
 P2B  CFRP strip 176560     24.71  25.8  0.85 Generally CD  
 P3B  CFRP sheet 409289     24.71  21.8  1.13 Generally CD  
 P4B  CFRP strip 176560     24.71  34.9  1.15 Generally CD  
 P5B  CFRP sheet 409289     24.71  30.4  1.57 Generally CD  
 P6B  CFRP strip 176560     24.71  23.8  0.78 Generally CD  
                 
Gamage (2009) A1-2-1 CFRP sheet 230000 0.001 2675  fa = 24.8 MPa 30  18.9   CD   
 A1-2-2 CFRP sheet 230000 0.001 2675  Ea = 2,028 MPa 30  18.9   CD   
 A2-3-1 CFRP sheet 230000 0.001 2675   30  16.8  1.00 CD   
 A2-3-2 CFRP sheet 230000 0.001 2675   30  17.3  1.03 CD   
 A4-8-1 CFRP sheet 230000 0.001 2675   30  16.4  0.98 CD   
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 A4-8-2 CFRP sheet 230000 0.001 2675   30  15.5  0.92 CD   
 A4-8-3 CFRP sheet 230000 0.001 2675   30  16.8  1.00 CD   
 A4-8-4 CFRP sheet 230000 0.001 2675   30  15.4  0.91 CD   
 A4-8-5 CFRP sheet 230000 0.001 2675   30  15.7  0.93 CD   
 A9-10-1 CFRP sheet 230000 0.001 2675   30  14.0  0.83 CD   
 A9-10-2 CFRP sheet 230000 0.001 2675   30  14.8  0.88 CD   
 A11  CFRP sheet 230000 0.001 2675   30  13.6  0.81 CD   
 A12  CFRP sheet 230000 0.001 2675   30  16.5  0.98 CD   
 A13  CFRP sheet 230000 0.001 2675   30  16.2  0.96 CD   
 A14  CFRP sheet 230000 0.001 2675   30  15.2  0.90 CD   
 A-15-16-1 CFRP sheet 230000 0.001 2675   30  18.5  1.10 CD   
 A-15-16-2 CFRP sheet 230000 0.001 2675   30  16.3  0.97 CD   
 A17-18-1 CFRP sheet 230000 0.001 2675   30  13.4  0.80 CD   
 A17-18-2 CFRP sheet 230000 0.001 2675   30  13.3  0.79 CD   
 A17-18-3 CFRP sheet 230000 0.001 2675   30  14.5  0.86 CD   
 A19-21-1 CFRP sheet 230000 0.001 2675   30  19.1  1.13 AD   
 A19-21-2 CFRP sheet 230000 0.001 2675   30  18.8  1.12 AD   
 A19-21-3 CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
 A22-25-1 CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
 A22-25-2 CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
 A28-29 CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
 A30  CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
 A31  CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
   CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
   CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
   CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
   CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
   CFRP sheet 230000 0.001 2675   30  0.0  0.00 CF   
                 
Klamer (2009) DLS-41.1-20a CFRP plate 165800 0.019 3200  Tg.a = 62 °C 41.1  39.9  0.86 CD   
 DLS-41.1-20b CFRP plate 165800 0.019 3200  fa = 48.5 MPa 41.1  36.4  0.79 CD   
Normal concrete DLS-41.1+20a CFRP plate 165800 0.019 3200  Ea = 12,700 MPa 41.1  47.5  1.00 CD   
DLS-41.1+20b CFRP plate 165800 0.019 3200   41.1  45.1  1.00 CD   
 DLS-41.1+40 CFRP plate 165800 0.019 3200   41.1  46.0  0.99 CD   
 DLS-41.1+50a CFRP plate 165800 0.019 3200   41.1  58.8  1.27 CD   
 DLS-41.1+50b CFRP plate 165800 0.019 3200   41.1  53.6  1.16 CD   
 DLS-41.1+50c CFRP plate 165800 0.019 3200   41.1  43.9  0.95 CD   
 DLS-41.1+70a CFRP plate 165800 0.019 3200   41.1  57.1  1.23 AD   
 DLS-41.1+70b CFRP plate 165800 0.019 3200   41.1  54.4  1.17 AD   
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 DLS-41.1+80 CFRP plate 165800 0.019 3200   41.1  52.7  1.14 AD   
 DLS-41.1+100 CFRP plate 165800 0.019 3200   41.1  45.3  0.98 AD   
                 
 DLS-70.8-20a CFRP plate 165800 0.019 3200  Tg.a = 62 °C 70.8  41.2  0.86 CD   
 DLS-70.8-20b CFRP plate 165800 0.019 3200  fa = 48.5 MPa 70.8  37.8  0.79 CD   
 DLS-70.8+20a CFRP plate 165800 0.019 3200  Ea = 12,700 MPa 70.8  49.6  1.00 CD   
 DLS-70.8+20b CFRP plate 165800 0.019 3200   70.8  46.5  1.00 CD   
 DLS-70.8+40a CFRP plate 165800 0.019 3200   70.8  48.6  1.01 CD   
 DLS-70.8+40b CFRP plate 165800 0.019 3200   70.8  49.2  1.02 CD   
 DLS-70.8+50a CFRP plate 165800 0.019 3200   70.8  52.8  1.10 CD   
 DLS-70.8+50b CFRP plate 165800 0.019 3200   70.8  54.9  1.14 CD   
 DLS-70.8+70a CFRP plate 165800 0.019 3200   70.8  41.6  0.87 AD   
 DLS-70.8+70b CFRP plate 165800 0.019 3200   70.8  52.6  1.09 AD   
 DLS-70.8+90 CFRP plate 165800 0.019 3200   70.8  34.3  0.71 AD   
                 
Lai et al. (2009) C - 1  CFRP plate     Sika Sikadur 30 39  9.9  1.00 CD   
 C - 2  CFRP plate     HDT = 40 °C 39  10.9  1.00 CD   
 C - 3  CFRP plate      39  11.4  1.00 CD   
 C - 4  CFRP plate      39  11.5  1.00 CD   
 C - 5  CFRP plate      39  11.6  1.00 CD   
 C - 6  CFRP plate      39  12.1  1.00 CD   
 T25-5-1 CFRP plate      39  11.8  1.05 CD, AD   
 T25-5-2 CFRP plate      39  13.3  1.18 CD, AD   
 T25-5-3 CFRP plate      39  -  - CD, AD   
 T25-5-4 CFRP plate      39  -  - CD, AD   
 T25-15-1 CFRP plate      39  13.4  1.19 CD, AD   
 T25-15-2 CFRP plate      39  10.8  0.96 CD, AD   
 T25-15-3 CFRP plate      39  -  - CD, AD   
 T25-15-4 CFRP plate      39  -  - CD, AD   
 T25-30-1 CFRP plate      39  8.9  0.79 CD, AD   
 T25-30-2 CFRP plate      39  13.9  1.24 CD, AD   
 T25-30-3 CFRP plate      39  11.1  0.99 CD, AD   
 T25-30-4 CFRP plate      39  10.4  0.93 CD, AD   
 T25-50-1 CFRP plate      39  12.7  1.13 CD, AD   
 T25-50-2 CFRP plate      39  11.7  1.04 CD, AD   
 T25-50-3 CFRP plate      39  11.4  1.01 CD, AD   
 T25-50-4 CFRP plate      39  -  - CD, AD   
 T40-5-1 CFRP plate      39  9.7  0.86 CD, FA   
 T40-5-2 CFRP plate      39  9.7  0.86 CD, FA   
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 T40-5-3 CFRP plate      39  9.3  0.83 CD, FA   
 T40-5-4 CFRP plate      39  10.9  0.97 CD, FA   
 T40-15-1 CFRP plate      39  10.3  0.92 CD, FA   
 T40-15-2 CFRP plate      39  11.0  0.98 CD, FA   
 T40-15-3 CFRP plate      39  -  - CD, FA   
 T40-15-4 CFRP plate      39  9.8  0.87 CD, FA   
 T40-30-1 CFRP plate      39  8.9  0.79 CD, FA   
 T40-30-2 CFRP plate      39  -  - CD, FA   
 T40-30-3 CFRP plate      39  12.1  1.08 CD, FA   
 T40-30-4 CFRP plate      39  9.4  0.84 CD, FA   
 T40-50-1 CFRP plate      39  11.9  1.06 CD, FA   
 T40-50-2 CFRP plate      39  10.8  0.96 CD, FA   
 T40-50-3 CFRP plate      39  8.7  0.77 CD, FA   
 T40-50-4 CFRP plate      39  11.9  1.06 CD, FA   
 T60-5-1 CFRP plate      39  8.9  0.79 CD, AD   
 T60-5-2 CFRP plate      39  8.9  0.79 CD, AD   
 T60-5-3 CFRP plate      39  8.9  0.79 CD, AD   
 T60-5-4 CFRP plate      39  -  - CD, AD   
 T60-15-1 CFRP plate      39  7.7  0.69 CD, AD   
 T60-15-2 CFRP plate      39  9.1  0.81 CD, AD   
 T60-15-3 CFRP plate      39  8.0  0.71 CD, AD   
 T60-15-4 CFRP plate      39  10.3  0.92 CD, AD   
 T60-30-1 CFRP plate      39  8.5  0.76 CD, AD   
 T60-30-2 CFRP plate      39  8.5  0.76 CD, AD   
 T60-30-3 CFRP plate      39  9.0  0.80 CD, AD   
 T60-30-4 CFRP plate      39  9.2  0.82 CD, AD   
 T60-50-1 CFRP plate      39  8.2  0.73 CD, AD   
 T60-50-2 CFRP plate      39  9.2  0.82 CD, AD   
 T60-50-3 CFRP plate      39  9.3  0.83 CD, AD   
 T60-50-4 CFRP plate      39    - CD, AD   
                 
Abbas (2010) 35  CFRP plate 165000  2700 Mbrace primer Mbrace epoxy adhesive 51.42   3.6 1.00 PF   
 54  CFRP plate 165000  2700 fp = 12 MPa faf = 30 MPa 51.42   3.41 1.00 PF   
 14  CFRP plate 165000  2700 Ep = 700 MPa fba = 3.5 MPa 51.42   3.29 0.94 WF   
Primer all 16  CFRP plate 165000  2700   51.42   3.61 1.03 FA   
 19  CFRP plate 165000  2700   51.42   3.83 1.09 WF   
 12  CFRP plate 165000  2700   51.42   3.67 1.05 WF   
 13  CFRP plate 165000  2700   51.42   4.41 1.26 WF   
 17  CFRP plate 165000  2700   51.42   3.64 1.04 WF   
 41  CFRP plate 165000  2700   51.42   3.82 1.09 WF   
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 56  CFRP plate 165000  2700   51.42   3.82 1.09 FA   
 57  CFRP plate 165000  2700   51.42   3.72 1.06 WF   
 37  CFRP plate 165000  2700   51.42   3.83 1.09 WF   
 38  CFRP plate 165000  2700   51.42   3.92 1.12 FA   
 122  CFRP plate 165000  2700   51.42   3.47 0.99 WF   
 123  CFRP plate 165000  2700   51.42   3.28 0.94 WF   
 75  CFRP plate 165000  2700   51.42   4.21 1.20 PF   
 98  CFRP plate 165000  2700   51.42   3.1 0.88 WF   
 66  CFRP plate 165000  2700   51.42   3.4 0.97 WF   
 99  CFRP plate 165000  2700   51.42   3.24 0.92 PF   
 114  CFRP plate 165000  2700   51.42   2.87 0.82 PF   
 115  CFRP plate 165000  2700   51.42   2.86 0.82 PF   
 112  CFRP plate 165000  2700   51.42   - - AD   
 113  CFRP plate 165000  2700   51.42   3.04 0.87 WF   
 120  CFRP plate 165000  2700   51.42   3.52 1.00 WF   
 121  CFRP plate 165000  2700   51.42   3.53 1.01 PF   
 65  CFRP plate 165000  2700   51.42   2.93 0.84 WF   
 124  CFRP plate 165000  2700   51.42   3.05 0.87 WF   
 61  CFRP plate 165000  2700   51.42   2.88 0.82 WF   
 64  CFRP plate 165000  2700   51.42   2.92 0.83 WF   
 62  CFRP plate 165000  2700   51.42   2.92 0.83 WF   
 63  CFRP plate 165000  2700   51.42   3.09 0.88 WF   
 92  CFRP plate 165000  2700   51.42   3.1 0.88 WF   
 93  CFRP plate 165000  2700   51.42   2.72 0.78 PF   
 80  CFRP plate 165000  2700   51.42   2.93 0.84 WF   
 83  CFRP plate 165000  2700   51.42   3.06 0.87 WF   
 81  CFRP plate 165000  2700   51.42   3.06 0.87 WF   
 82  CFRP plate 165000  2700   51.42   2.76 0.79 WF   
 20  CFRP plate 165000  2700   51.42   - - AD   
 11  CFRP plate 165000  2700   51.42   - - AD   
 33  CFRP plate 165000  2700   51.42   3.06 0.87 WF   
 40  CFRP plate 165000  2700   51.42   3.05 0.87 WF   
 34  CFRP plate 165000  2700   51.42   3.55 1.01 WF   
 39  CFRP plate 165000  2700   51.42   2.87 0.82 WF   
 42  CFRP plate 165000  2700   51.42   2.57 0.73 PF   
 43  CFRP plate 165000  2700   51.42   2.94 0.84 PF   
 44  CFRP plate 165000  2700   51.42   2.99 0.85 PF   
 48  CFRP plate 165000  2700   51.42   2.95 0.84 PF   
 49  CFRP plate 165000  2700   51.42   3.21 0.92 WF   
 50  CFRP plate 165000  2700   51.42   3.49 1.00 WF   
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 94  CFRP plate 165000  2700   51.42   2.98 0.85 PF   
 95  CFRP plate 165000  2700   51.42   2.86 0.82 PF   
 78  CFRP plate 165000  2700   51.42   2.61 0.74 WF   
 79  CFRP plate 165000  2700   51.42   2.54 0.72 PF   
 76  CFRP plate 165000  2700   51.42   3.17 0.90 PF   
 77  CFRP plate 165000  2700   51.42   3.33 0.95 WF   
 88  CFRP plate 165000  2700   51.42   3 0.86 WF   
 91  CFRP plate 165000  2700   51.42   3.54 1.01 PF   
 89  CFRP plate 165000  2700   51.42   3.25 0.93 WF   
 87  CFRP plate 165000  2700   51.42   - - PF   
 84  CFRP plate 165000  2700   51.42   1.92 0.55 PF   
 85  CFRP plate 165000  2700   51.42   3 0.86 PF   
 86  CFRP plate 165000  2700   51.42   2 0.57 PF   
 18  CFRP plate 165000  2700   51.42   3.59 1.02 WF   
 21  CFRP plate 165000  2700   51.42   3.41 0.97 WF   
 59  CFRP plate 165000  2700   51.42   3.36 0.96 WF   
 60  CFRP plate 165000  2700   51.42   2.68 0.76 WF   
 28  CFRP plate 165000  2700   51.42   2.17 0.62 AD   
 29  CFRP plate 165000  2700   51.42   3.75 1.07 WF   
 27  CFRP plate 165000  2700   51.42   3.54 1.01 WF   
 31  CFRP plate 165000  2700   51.42   3.28 0.94 WF   
 96  CFRP plate 165000  2700   51.42   3.16 0.90 PF   
 97  CFRP plate 165000  2700   51.42   2.64 0.75 WF   
 36  CFRP plate 165000  2700   51.42   2.85 0.81 WF   
 55  CFRP plate 165000  2700   51.42   3.45 0.98 WF   
 58  CFRP plate 165000  2700   51.42   3.76 1.07 WF   
 90  CFRP plate 165000  2700   51.42   - - AD   
 25  CFRP plate 165000  2700   51.42   - - FA   
 22  CFRP plate 165000  2700   51.42   - - AD   
 23  CFRP plate 165000  2700   51.42   - - AD   
 24  CFRP plate 165000  2700   51.42   - - FA   
 26  CFRP plate 165000  2700   51.42   - - FA   
 30  CFRP plate 165000  2700   51.42   - - AD   
 32  CFRP plate 165000  2700   51.42   - - AD   
 51  CFRP plate 165000  2700   51.42   - - AD   
 52  CFRP plate 165000  2700   51.42   - - AD   
 45  CFRP plate 165000  2700   51.42   - - AD   
 46  CFRP plate 165000  2700   51.42   - - AD   
 47  CFRP plate 165000  2700   51.42   - - AD   
 53  CFRP plate 165000  2700   51.42   - - AD   
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 71  CFRP plate 165000  2700   51.42   0.63 0.18 AD   
 74  CFRP plate 165000  2700   51.42   0.63 0.18 AD   
 72  CFRP plate 165000  2700   51.42   0.95 0.27 AD   
 73  CFRP plate 165000  2700   51.42   0.95 0.27 AD   
 68  CFRP plate 165000  2700   51.42   1.27 0.36 AD   
 69  CFRP plate 165000  2700   51.42   1.27 0.36 AD   
 67  CFRP plate 165000  2700   51.42   1.58 0.45 AD   
 70  CFRP plate 165000  2700   51.42   1.58 0.45 AD   
 3  CFRP plate 165000  2700   51.42   2.54 0.72 AD   
 9  CFRP plate 165000  2700   51.42   2.41 0.69 AD   
 10  CFRP plate 165000  2700   51.42   2.36 0.67 AD   
 1  CFRP plate 165000  2700   51.42   1.53 0.44 AD   
 4  CFRP plate 165000  2700   51.42   1.99 0.57 AD   
 7  CFRP plate 165000  2700   51.42   0.99 0.28 AD   
 8  CFRP plate 165000  2700   51.42   1.36 0.39 WF   
                 
 L0-1  CFRP plate 165000  2700 Mbrace primer Mbrace epoxy adhesive 51.42   3.04 0.87 -   
 L0-2  CFRP plate 165000  2700 fp = 12 MPa faf = 30 MPa 51.42   3.33 0.95 -   
 L5-1  CFRP plate 165000  2700 Ep = 700 MPa fba = 3.5 MPa 51.42   3.08 0.88 -   
 L5-2  CFRP plate 165000  2700   51.42   3.21 0.92 -   
 L10-1 CFRP plate 165000  2700   51.42   3.18 0.91 -   
 E5-1  CFRP plate 165000  2700   51.42   2.7 0.77 -   
 E10-1 CFRP plate 165000  2700   51.42   3.24 0.92 -   
 E10-2 CFRP plate 165000  2700   51.42   2.66 0.76 -   
 H5-1  CFRP plate 165000  2700   51.42   3.41 0.97 -   
 H10-1 CFRP plate 165000  2700   51.42   3.32 0.95 -   
Outdoor P5-1  CFRP plate 165000  2700   51.42   2.82 0.80 -   
Sharjah, UAE P5-2  CFRP plate 165000  2700   51.42   3.57 1.02 -   
 P5-3  CFRP plate 165000  2700   51.42   3.29 0.94 -   
 P5-4  CFRP plate 165000  2700   51.42   2.82 0.80 -   
 P10-1 CFRP plate 165000  2700   51.42   2.47 0.70 -   
 P10-2 CFRP plate 165000  2700   51.42   2.82 0.80 -   
 P10-3 CFRP plate 165000  2700   51.42   2.5 0.71 -   
 S5-1  CFRP plate 165000  2700   51.42   2.87 0.82 -   
 SP5-1 CFRP plate 165000  2700   51.42   1.51 0.43 -   
 C5-1  CFRP plate 165000  2700   51.42   1.56 0.45 -   
 CP5-1 CFRP plate 165000  2700   51.42   2.97 0.85 -   
 0-1  CFRP plate 165000  2700   51.42   3.16 0.90 -   
                 
Imani (2010) Control CFRP sheet 230000 0.015 3000  Mbrace epoxy resin 31    - CD   
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 T1  CFRP sheet 230000 0.015 3000  fa = 50 MPa 31    - Gradual shift to AD  
 T2  CFRP sheet 230000 0.015 3000  Ea = 3,000 MPa 31    - Gradual shift to AD  
 T3  CFRP sheet 230000 0.015 3000  faf = 120 MPa 31    - Gradual shift to AD  
 T4  CFRP sheet 230000 0.015 3000  fba = 3.5 MPa 31     Gradual shift to AD  
                 
Li et al. (2010) 4C  CFRP sheet 540000 0.004 1900  fa = 50 MPa 58  16.6  - CD, AD   
4C1G-dry Hybrid sheet     Ea = 3,000 MPa 58  11.6  1.00 CD, AD   
Hybrid FRP 4 
carbon, 1 glass 
4C1G-LT-dry Hybrid sheet      58  10.7  0.92 CD, AD   
4C1G-FT-dry Hybrid sheet      58  12.0  1.03 CD, AD   
Dry and wet bond 4C1G-WD-dry Hybrid sheet 540000 0.004 1900   58  10.7  0.92 CD, AD   
4C1G-wet Hybrid sheet  +    58  10.3  1.00 CD, largely AD  
Normal concrete 
super plasticizer 
4C1G-LT-wet Hybrid sheet 80000 0.022 1790   58  12.0  1.17 CD, largely AD  
4C1G-FT-wet Hybrid sheet      58  10.6  1.03 CD, largely AD  
w/c =0.32 4C1G-WD-wet Hybrid sheet      58  9.0  0.87 CD, largely AD  
                 
Pan et al. (2010) B1-15-10* CFRP sheets 234000    Ea = 2,490 MPa 17.25  11.0  0.88 -   
B1-30-10* CFRP sheets 234000     17.25  10.3  0.82 -   
 B1-30-10 CFRP sheets 234000     17.25  12.0  0.96 -   
 B1-60-10 CFRP sheets 234000     17.25  15.5  1.24 -   
 B1-90-3 CFRP sheets 234000     17.25  15.3  1.22 -   
 B2-90-3 CFRP sheets 234000     16.06  15.1  1.21 -   
 B1-90-6 CFRP sheets 234000     17.25  15.0  1.20 -   
 B2-90-6 CFRP sheets 234000     16.06  13.2  1.06 -   
 B1-90-10 CFRP sheets 234000     17.25  16.3  1.30 -   
 B2-90-10 CFRP sheets 234000     16.06  15.0  1.20 -   
 B1-90-15 CFRP sheets 234000     17.25  14.5  1.16 -   
 B2-90-15 CFRP sheets 234000     16.06  12.0  0.96 -   
 B1-120-10 CFRP sheets 234000     17.25  14.5  1.16 -   
 B1-0-0* CFRP sheets 234000     17.25  12.5  1.00 -   
                 
Pektova (2010) 20A   165000  2000  fa = 18 MPa 37   20  WF   
 20B   165000  2000  Ea = 9,800 MPa 37   23  WF   
 20C   165000  2000   37   21  WF   
 50A   165000  2000   47.15   -  -   
                 
Benzarti et al. 
(2011) 
C-T0  CFRP plates 162000 0.016 2800 Epoxy C fa = 25 MPa 32  49.0  1.00 CD   
C-T1  CFRP plates 162000 0.016 2800  Ea = 4,900 MPa 32  40.0  0.82 CD 98%, AD 2%  
 C-T2  CFRP plates 162000 0.016 2800   32  37.0  0.76 CD 90%, AD 10%  
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 C-T3  CFRP plates 162000 0.016 2800   32  46.0  0.94 CD 70%, AD 30%  
 C-T4  CFRP plates 162000 0.016 2800   32  42.0  0.86 CD 90%, AD 10%  
 C-T5  CFRP plates 162000 0.016 2800   32  43.0  0.88 CD 55%, AD 45%  
 C-T6  CFRP plates 162000 0.016 2800   32  50.0  1.02 CD 38%, AD 62%  
 C-T7  CFRP plates 162000 0.016 2800   32  43.0  0.88 CD 65%, AD 35%  
 C-T8  CFRP plates 162000 0.016 2800   32  56.0  1.14 CD 62%, AD 38%  
 C-T9  CFRP plates 162000 0.016 2800   32  48.0  0.98 CD 65%, AD 35%  
 C-T10 CFRP plates 162000 0.016 2800   32  44.0  0.90 CD 12%. AD 88%  
 D-T0  CFRP sheets 26500 0.012 350 Epoxy D fa = 49 MPa 37  17.7  1.00 CD   
 D-T1  CFRP sheets 26500 0.012 350  Ea = 4,500 MPa 37  17.2  0.97 CD 98%, AD 2%  
 D-T2  CFRP sheets 26500 0.012 350   37  18.0  1.02 CD 90%, AD 10%  
 D-T3  CFRP sheets 26500 0.012 350   37  17.9  1.01 CD 70%, AD 30%  
 D-T4  CFRP sheets 26500 0.012 350   37  18.8  1.06 CD 90%, AD 10%  
 D-T5  CFRP sheets 26500 0.012 350   37  18.0  1.02 CD 55%, AD 45%  
 D-T6  CFRP sheets 26500 0.012 350   37  21.5  1.21 CD 38%, AD 62%  
 D-T7  CFRP sheets 26500 0.012 350   37  21.0  1.19 CD 65%, AD 35%  
 D-T8  CFRP sheets 26500 0.012 350   37  17.7  1.00 CD 62%, AD 38%  
 D-T9  CFRP sheets 26500 0.012 350   37  20.0  1.13 CD 65%, AD 35%  
 D-T10 CFRP sheets 26500 0.012 350   37  18.0  1.02 CD 12%. AD 88%  
 D-T11 CFRP sheets 26500 0.012 350   37  20.5  1.16 CD 12%. AD 88%  
                 
Nishizaki and 
Kato (2011) 
I-S1-A CFRP sheet 1    - -   3.33 - CD   
I-S1-B CFRP sheet 2    - -   3.21 - CD   
 I-S1-C CFRP sheet 3    - -   3.62 - CD   
 I-S1-D CFRP sheet 4    - -   3.08 - CD   
 I-S2-A-0 CFRP sheet 1    - -   4.3 1.00 CD   
 I-S2-A-3 CFRP sheet 1    - -   3.64 0.85 CD   
Primer all I-S2-A-6 CFRP sheet 1    - -   2.68 0.62 CD   
 I-S2-B-0 CFRP sheet 2    - -   4.34 1.00 CD   
Putty some I-S2-B-3 CFRP sheet 2    - -   3.65 0.84 CD   
 I-S2-B-6 CFRP sheet 2    - -   4.67 1.08 CD   
 I-S2-C-0 CFRP sheet 3    - -   5.35 1.00 CD   
 I-S2-C-3 CFRP sheet 3    - -   4.32 0.81 CD   
 I-S2-C-6 CFRP sheet 3    - -   3.5 0.65 CD   
 I-S2-D-0 CFRP sheet 4    - -   3.7 1.00 CD   
 I-S2-D-3 CFRP sheet 4    - -   4.13 1.12 CD   
 I-S2-D-6 CFRP sheet 4    - -   4.46 1.21 CD   
 14-S1-A CFRP sheet 1    - -   2.54 - AD   
 14-S1-B CFRP sheet 2    - -   2.05 - CD 70%, AD 30%  
 14-S1-C CFRP sheet 3    - -   2.62 - AD   
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 14-S1-D CFRP sheet 4    - -   3.15 - CD   
                 
Yun (2011) N30-0-1 CFRP Sheet 235000 0.018 4192 fp = 45 MPa fa = 25 MPa 36.9  23.7  1.00 CD 3-5 mm   
N30-0-2 CFRP Sheet 235000 0.018 4192 Ep = 3,500 MPa Ea = 12,800MPa 36.9  24.4  1.00 CD 3-5 mm   
 N45-0-1 CFRP Sheet 235000 0.018 4192   48.6  27.7  1.00 CD 3-5 mm   
w/c = 0.525 N45-0-2 CFRP Sheet 235000 0.018 4192   48.6  27.4  1.00 CD 3-5 mm   
 S30-17-1 CFRP Sheet 235000 0.018 4192   36.9  22.6  0.94 CD more damage than control 
Max agg. 10 mm S30-17-2 CFRP Sheet 235000 0.018 4192   36.9  23.3  0.97 CD more damage than control 
S30-33-1 CFRP Sheet 235000 0.018 4192   36.9  19.6  0.81 CD more damage than control 
 S30-33-2 CFRP Sheet 235000 0.018 4192   36.9  18.1  0.75 CD more damage than control 
Normal concrete S30-50-1 CFRP Sheet 235000 0.018 4192   36.9  18.7  0.78 CD more damage than control 
S30-50-2 CFRP Sheet 235000 0.018 4192   36.9  14.4  0.60 CD more damage than control 
 T30-17-1 CFRP Sheet 235000 0.018 4192   36.9  22.0  0.91 CD less damage than S30 series 
 T30-33-1 CFRP Sheet 235000 0.018 4192   36.9  18.7  0.78 CD less damage than S30 series 
 T30-50-1 CFRP Sheet 235000 0.018 4192   36.9  16.6  0.69 CD less damage than S30 series 
 T30-67-1 CFRP Sheet 235000 0.018 4192   36.9  10.3  0.43 CD less damage than S30 series 
 T30-67-2 CFRP Sheet 235000 0.018 4192   36.9  16.3  0.68 CD 6-10 mm  
 S45-17-1 CFRP Sheet 235000 0.018 4192   48.6  22.0  0.80 CD 6-10 mm  
Max agg. 10 mm S45-17-2 CFRP Sheet 235000 0.018 4192   48.6  20.1  0.73 CD 6-10 mm  
S45-33-1 CFRP Sheet 235000 0.018 4192   48.6  16.8  0.61 CD 6-10 mm  
 S45-50-1 CFRP Sheet 235000 0.018 4192   48.6  4.1  0.15 CD 6-10 mm  
w/c = 0.394 S45-50-2 CFRP Sheet 235000 0.018 4192   48.6  3.2  0.12 CD less damage than S30 series 
 T45-17-1 CFRP Sheet 235000 0.018 4192   48.6  19.9  0.72 CD less damage than S30 series 
 T45-17-2 CFRP Sheet 235000 0.018 4192   48.6  19.0  0.69 CD less damage than S30 series 
 T45-33-1 CFRP Sheet 235000 0.018 4192   48.6  15.6  0.57 CD less damage than S30 series 
 T45-33-2 CFRP Sheet 235000 0.018 4192   48.6  19.0  0.69 CD less damage than S30 series 
 T45-50-1 CFRP Sheet 235000 0.018 4192   48.6  15.7  0.57 CD less damage than S30 series 
 T45-50-2 CFRP Sheet 235000 0.018 4192   48.6  14.6  0.53 CD less damage than S30 series 
                 
Adelzadeh (2013) 23A  CFRP plate 165000 0.017 2800  fa = 15 MPa 30  13.6  1.00 CD   
23B  CFRP plate 165000 0.017 2800  Ea = 12,800 MPa 30  14.1  1.00 CD   
 23C  CFRP plate 165000 0.017 2800  Tg.a = 60 °C 30  13.7  1.00 CD   
 23D  CFRP plate 165000 0.017 2800   30  14.6  1.00 CD   
Carbonated 
aggregate 
23E  CFRP plate 165000 0.017 2800   30  14.0  1.00 AD   
60A  CFRP plate 165000 0.017 2800   30  12.9  0.92 AD   
 60B  CFRP plate 165000 0.017 2800   30  12.9  0.92 AD   
 60C  CFRP plate 165000 0.017 2800   30  12.3  0.88 AD   
Normal concrete 60D  CFRP plate 165000 0.017 2800   30  16.0  1.14 AD   
60E  CFRP plate 165000 0.017 2800   30  12.7  0.91 AD   
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 80A  CFRP plate 165000 0.017 2800   30  8.9  0.64 AD   
 80B  CFRP plate 165000 0.017 2800   30  8.5  0.61 AD   
 80C  CFRP plate 165000 0.017 2800   30  9.7  0.69 AD   
 80D  CFRP plate 165000 0.017 2800   30  9.1  0.65 AD   
 80E  CFRP plate 165000 0.017 2800   30  9.0  0.64 AD   
 105A  CFRP plate 165000 0.017 2800   30  6.5  0.46 AD   
 105B  CFRP plate 165000 0.017 2800   30  5.0  0.36 AD   
 105C  CFRP plate 165000 0.017 2800   30  6.2  0.44 AD   
 105D  CFRP plate 165000 0.017 2800   30  6.7  0.48 AD   
 105E  CFRP plate 165000 0.017 2800   30  5.8  0.41 AD   
 150A  CFRP plate 165000 0.017 2800   30  2.2  0.16 AD   
 150B  CFRP plate 165000 0.017 2800   30  2.7  0.19 AD   
 150C  CFRP plate 165000 0.017 2800   30  2.9  0.21 AD   
 150D  CFRP plate 165000 0.017 2800   30  3.0  0.21 AD   
 150E  CFRP plate 165000 0.017 2800   30  2.7  0.19 AD   
 200A  CFRP plate 165000 0.017 2800   30  0.0  0.00 AD   
 200B  CFRP plate 165000 0.017 2800   30  0.0  0.00 AD   
 200C  CFRP plate 165000 0.017 2800   30  0.0  0.00 AD   
 200D  CFRP plate 165000 0.017 2800   30  0.0  0.00 AD   
 200E  CFRP plate 165000 0.017 2800   30  0.0  0.00 AD   
                 
Al-Rousan et al. 
(2013) 
C-pre-50-85 CFRP sheet 230000 0.015 3900   43.6  16.2   CD   
C-pre-100-85 CFRP sheet 230000 0.015 3900   43.6  25.9   CD   
C-pre-150-85 CFRP sheet 230000 0.015 3900   43.6  30.7   CD   
 C-pre-100-65 CFRP sheet 230000 0.015 3900   43.6  22.0   CD   
Primer C-post-50-85 CFRP sheet 230000 0.015 3900   43.6  16.2  1.00 CD   
 C-post-100-85 CFRP sheet 230000 0.015 3900   43.6  25.9  1.00 CD   
 S1-pre-50-85 CFRP sheet 230000 0.015 3900   41  13.0   CD   
 S1-pre-100-85 CFRP sheet 230000 0.015 3900   41  20.7   CD   
 S1-pre-150-85 CFRP sheet 230000 0.015 3900   41  24.6   CD   
 S1-pre-100-65 CFRP sheet 230000 0.015 3900   41  17.6   CD   
 S1-post-50-85 CFRP sheet 230000 0.015 3900   41  15.3  0.94 CD   
 S1-post-100-85 CFRP sheet 230000 0.015 3900   41  22.5  0.87 CD   
 S2-pre-50-85 CFRP sheet 230000 0.015 3900   38.9  9.7   CD   
 S2-pre-100-85 CFRP sheet 230000 0.015 3900   38.9  15.5   CD   
 S2-pre-150-85 CFRP sheet 230000 0.015 3900   38.9  18.4   CD   
 S2-pre-100-65 CFRP sheet 230000 0.015 3900   38.9  13.2   CD   
 S2-post-50-85 CFRP sheet 230000 0.015 3900   38.9  10.5  0.65 CD   
 S2-post-100-85 CFRP sheet 230000 0.015 3900   38.9  16.9  0.65 CD   
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Al-Safy et al. 
(2013) 
Control 1 CFRP sheets 240000 - 3800  fa = 50 MPa 35  -   AD   
Control 2 CFRP sheets 240000 - 3800  Ea = 3,500 MPa 35  -   P   
A1-D:B-1LP-1 CFRP sheets 240000 - 3800  Tg.a = 70 °C 35  16.5   CD, FA   
 A1-D:B-1LP-2 CFRP sheets 240000 - 3800   35  23.2   CD, FA   
 A1-D:B-1LP-3 CFRP sheets 240000 - 3800   35  18.7   CD, FA   
 A1-D:B-1LP-4 CFRP sheets 240000 - 3800   35  18.4   CD, FA   
 A1-D:B-1LP-5 CFRP sheets 240000 - 3800   35  23.0   -   
 A1-D:B-1LP-6 CFRP sheets 240000 - 3800   35  18.8   CD, FA   
Primer 
replacement 
A1-D:B-0LP-1 CFRP sheets 240000 - 3800   35  18.7   CD   
A1-D:B-0LP-2 CFRP sheets 240000 - 3800   35  17.9   CD   
 A1-D:B-0LP-3 CFRP sheets 240000 - 3800   35  16.2   CD   
All sustained A1-D:B-0LP-4 CFRP sheets 240000 - 3800   35  15.8   CD   
 A1-(AD):B CFRP sheets 240000 - 3800   35  18.1   CD   
 A2-D:B-1LP-1 CFRP sheets 240000 - 3800   35  16.1   P   
 A2-D:B-1LP-2 CFRP sheets 240000 - 3800   35  16.0   P   
 A2-D:B-1LP-3 CFRP sheets 240000 - 3800   35  18.6   P   
 A2-D:B-1LP-4 CFRP sheets 240000 - 3800   35  17.1   P   
 A2-D:B-0LP-1 CFRP sheets 240000 - 3800   35  17.4   AD   
 A2-D:B-0LP-2 CFRP sheets 240000 - 3800   35  18.8   AD   
 A2-D:B-0LP-3 CFRP sheets 240000 - 3800   35  27.3   AD   
 A2-(AD):B-1 CFRP sheets 240000 - 3800   35  22.5   AD   
 A2-(AD):B-2 CFRP sheets 240000 - 3800   35  22.6   AD   
                 
Haddad et al. 
(2013) 
LWAC-20-50 CFRP sheets 240000 0.015 3600  fa = 30 MPa 38    4.11 CD   
LWAC-20-100 CFRP sheets 240000 0.015 3600  Ea = 4,500 MPa     3.14 CD   
LWAC-20-150 CFRP sheets 240000 0.015 3600       3.11 CD   
 LWAC-300-50 CFRP sheets 240000 0.015 3600   35.7    4.00 CD   
 LWAC-300-100 CFRP sheets 240000 0.015 3600       3.00 CD   
 LWAC-300-150 CFRP sheets 240000 0.015 3600       3.02 CD   
 LWAC-400-50 CFRP sheets 240000 0.015 3600   28.12    3.91 CD   
 LWAC-400-100 CFRP sheets 240000 0.015 3600       2.83 CD   
 LWAC-400-150 CFRP sheets 240000 0.015 3600       2.76 CD   
Pre damaged LWAC-500-50 CFRP sheets 240000 0.015 3600   24.1    3.34 CD   
concrete LWAC-500-100 CFRP sheets 240000 0.015 3600       2.52 CD   
 LWAC-500-150 CFRP sheets 240000 0.015 3600       2.57 CD   
 LWAC-600-50 CFRP sheets 240000 0.015 3600   20.9    2.96 CD   
 LWAC-600-100 CFRP sheets 240000 0.015 3600       2.20 CD   
 LWAC-600-150 CFRP sheets 240000 0.015 3600       2.11 CD   
 NWAC(1)-20-50 CFRP sheets 240000 0.015 3600   40.1    4.31 CD   
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 NWAC(1)-20-100 CFRP sheets 240000 0.015 3600       3.24 CD   
 NWAC(1)-20-150 CFRP sheets 240000 0.015 3600       3.21 CD   
 NWAC(1)-300-50 CFRP sheets 240000 0.015 3600   36.6    4.49 CD   
 NWAC(1)-300-100 CFRP sheets 240000 0.015 3600       3.33 CD   
 NWAC(1)-300-150 CFRP sheets 240000 0.015 3600       3.32 CD   
 NWAC(1)-400-50 CFRP sheets 240000 0.015 3600   30.3    3.78 CD   
 NWAC(1)-400-100 CFRP sheets 240000 0.015 3600       2.73 CD   
 NWAC(1)-400-150 CFRP sheets 240000 0.015 3600       3.01 CD   
 NWAC(1)-500-50 CFRP sheets 240000 0.015 3600   24.5    3.22 CD   
 NWAC(1)-500-100 CFRP sheets 240000 0.015 3600       2.34 CD   
 NWAC(1)-500-150 CFRP sheets 240000 0.015 3600       2.56 CD   
 NWAC(1)-600-50 CFRP sheets 240000 0.015 3600   21.2    2.87 CD   
 NWAC(1)-600-100 CFRP sheets 240000 0.015 3600       2.08 CD   
 NWAC(1)-600-150 CFRP sheets 240000 0.015 3600       2.08 CD   
 NWAC(2)-20-50 CFRP sheets 240000 0.015 3600   28.7    3.30 CD   
 NWAC(2)-20-100 CFRP sheets 240000 0.015 3600       2.53 CD   
 NWAC(2)-20-150 CFRP sheets 240000 0.015 3600       2.96 CD   
 NWAC(2)-300-50 CFRP sheets 240000 0.015 3600   25.2    3.37 CD   
 NWAC(2)-300-100 CFRP sheets 240000 0.015 3600       2.63 CD   
 NWAC(2)-300-150 CFRP sheets 240000 0.015 3600       2.88 CD   
 NWAC(2)-400-50 CFRP sheets 240000 0.015 3600   22    2.97 CD   
 NWAC(2)-400-100 CFRP sheets 240000 0.015 3600       2.42 CD   
 NWAC(2)-400-150 CFRP sheets 240000 0.015 3600       2.68 CD   
 NWAC(2)-500-50 CFRP sheets 240000 0.015 3600   18    2.79 CD   
 NWAC(2)-500-100 CFRP sheets 240000 0.015 3600       2.14 CD   
 NWAC(2)-500-150 CFRP sheets 240000 0.015 3600       2.36 CD   
 NWAC(2)-600-50 CFRP sheets 240000 0.015 3600   15.9    2.38 CD   
 NWAC(2)-600-100 CFRP sheets 240000 0.015 3600       1.83 CD   
 NWAC(2)-600-150 CFRP sheets 240000 0.015 3600       1.92 CD   
                 
Huang and Ye 
(2013) 
E-Control CFRP sheet - - - Primer E Same adhesive 40  10.6  1.00 CD   
E-dry-1 CFRP sheet      40  9.7  0.91 CD   
 E-dry-2 CFRP sheet      40  8.1  0.76 CD   
Type E primer E-dry-3 CFRP sheet      40  10.2  0.96 CD   
 E-dry-4 CFRP sheet      40  9.5  0.89 CD   
 E-dry-6 CFRP sheet      40  8.9  0.84 P   
 E-wet-1 CFRP sheet      40  8.3  0.79 P   
E-wet-2 CFRP sheet      40  8.8  0.83 P   
 E-wet-3 CFRP sheet      40  9.0  0.85 P   
 E-wet-4 CFRP sheet      40  8.4  0.79 P   
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 E-wet-6 CFRP sheet      40  10.0  0.94 P   
 E-wet-9 CFRP sheet      40  10.3  0.97 P   
 E-wet50-6 CFRP sheet      40  8.7  0.82 P   
Type F primer F-Control CFRP sheet    Primer F Same adhesive 40  8.7  1.00 P   
 F-dry-1 CFRP sheet      40  9.8  1.13 CD, P   
 F-dry-2 CFRP sheet      40  10.9  1.26 CD, P   
 F-dry-3 CFRP sheet      40  10.7  1.23 CD, P   
 F-dry-4 CFRP sheet      40  9.9  1.14 CD, P   
 F-dry-6 CFRP sheet      40  9.1  1.05 CD, P   
 F-wet-1 CFRP sheet      40  8.8  1.02 P   
 F-wet-2 CFRP sheet      40  9.8  1.12 P   
 F-wet-3 CFRP sheet      40  9.9  1.13 P   
 F-wet-4 CFRP sheet      40  9.6  1.11 P   
 F-wet-6 CFRP sheet      40  9.0  1.03 P   
 F-wet-9 CFRP sheet      40  8.7  1.00 P   
 F-wet50-6 CFRP sheet      40  9.3  1.07 P   
                 
Shi et al. (2013) S-R-1  BFRP sheet 81500 0.028 2145 Epoxy Resin S fa = 52.9 MPa  44.6   1.00 CD   
 S-0-0-1 BFRP sheet 81500 0.028 2145 - Ea = 2,910 MPa  44.6   0.90 AD   
Primer all S-0-0-2 BFRP sheet 81500 0.028 2145    44.6   0.94 CD, AD   
 S-0-P-1 BFRP sheet 81500 0.028 2145    44.6   0.96 R   
 S-0-P-2 BFRP sheet 81500 0.028 2145    44.6   0.97 CD, AD   
 S-100-0-1 BFRP sheet 81500 0.028 2145    44.6   0.80 AD   
 S-100-0-2 BFRP sheet 81500 0.028 2145    44.6   1.01 CD   
 S-100-0-3 BFRP sheet 81500 0.028 2145    44.6   0.93 AD   
25% sustained 
load 
S-100-P-1 BFRP sheet 81500 0.028 2145    44.6   0.83 CD, AD   
S-100-P-2 BFRP sheet 81500 0.028 2145    44.6   0.88 R   
 S-100-P-3 BFRP sheet 81500 0.028 2145    44.6   0.86 CD   
Air entrained 
concrete 
S-200-0-1 BFRP sheet 81500 0.028 2145    44.6   0.77 AD   
S-200-0-2 BFRP sheet 81500 0.028 2145    44.6   0.82 AD   
 S-200-0-3 BFRP sheet 81500 0.028 2145    44.6   0.79 AD   
 S-200-P-1 BFRP sheet 81500 0.028 2145    44.6   0.83 CD, AD   
 S-200-P-2 BFRP sheet 81500 0.028 2145    44.6   0.74 CD, AD   
 S-200-P-3 BFRP sheet 81500 0.028 2145    44.6   - WF   
 S-300-0-1 BFRP sheet 81500 0.028 2145    44.6   0.74 AD   
 S-300-0-2 BFRP sheet 81500 0.028 2145    44.6   0.73 AD   
 S-300-0-3 BFRP sheet 81500 0.028 2145    44.6   0.73 AD   
 S-300-P-1 BFRP sheet 81500 0.028 2145    44.6   0.73 AD   
 S-300-P-2 BFRP sheet 81500 0.028 2145    44.6   0.80 CD, AD   
 S-300-P-3 BFRP sheet 81500 0.028 2145    44.6   - WF   
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 SQ-R-1 BFRP sheet 81500 0.028 2145 Epoxy Resin SQ   44.6   1.00 CD   
 SQ-0-0-1 BFRP sheet 81500 0.028 2145 -   44.6   0.89 CD, AD   
 SQ-200-0-1 BFRP sheet 81500 0.028 2145    44.6   0.86 AD   
 SQ-200-0-2 BFRP sheet 81500 0.028 2145    44.6   0.87 CD, AD   
 SQ-200-P-1 BFRP sheet 81500 0.028 2145    44.6   0.83 CD, AD   
 SQ-200-P-2 BFRP sheet 81500 0.028 2145    44.6   0.82 CD, AD   
                 
Al-Tamini et al. 
(2014) 
Lab40N5 CFRP plate 165000 0.017 3100  Sika Sikadur 30 LP 50  24.3  1.00 -   
Lab32N5 CFRP plate 165000 0.017 3100  fac = 85 MPa 50  24.2  1.00 -   
 Lab28N5  CFRP plate 165000 0.017 3100  faf = 25 MPa 50  16.1  1.00 -   
 Lab39N5 CFRP plate 165000 0.017 3100  Ea = 10,000 MPa 50  16.3  1.00 -   
 Lab30C5 CFRP plate 165000 0.017 3100  τa = 17 MPa 50  23.4  1.00 -   
 Lab34C5 CFRP plate 165000 0.017 3100   50  22.2  1.00 -   
 Lab32C5 CFRP plate 165000 0.017 3100   50  23.5  1.00 -   
 Lab27N3 CFRP plate 165000 0.017 3100   50  22.3  1.00 -   
 Lab37N3 CFRP plate 165000 0.017 3100   50  20.6  1.00 -   
 Lab29C3 CFRP plate 165000 0.017 3100   50  27.5  1.00 -   
 Lab33C3 CFRP plate 165000 0.017 3100   50  23.1  1.00 -   
 Lab31C3 CFRP plate 165000 0.017 3100   50  20.6  1.00 -   
 S14N5 CFRP plate 165000 0.017 3100   50  25.7  1.27 CD   
 S07N5 CFRP plate 165000 0.017 3100   50  26.8  1.33 CD   
 S10C5 CFRP plate 165000 0.017 3100   50  27.5  1.19 CD   
 S34C5 CFRP plate 165000 0.017 3100   50  20.7  0.90 CD   
 S03N3 CFRP plate 165000 0.017 3100   50  24.1  1.12 CD   
 S11N3 CFRP plate 165000 0.017 3100   50  27.0  1.26 CD   
 S18C3 CFRP plate 165000 0.017 3100   50  26.6  1.12 CD   
 S31C3 CFRP plate 165000 0.017 3100   50  23.0  0.97 CD   
 P15N5 CFRP plate 165000 0.017 3100   50  21.2  1.05 CD   
 P16C5 CFRP plate 165000 0.017 3100   50  23.5  1.02 CD   
 P18C5 CFRP plate 165000 0.017 3100   50  29.8  1.29 CD   
 P07N3 CFRP plate 165000 0.017 3100   50  26.8  1.25 CD   
 P09C3 CFRP plate 165000 0.017 3100   50  24.6  1.04 CD   
 P17C3 CFRP plate 165000 0.017 3100   50  27.0  1.14 CD   
 P09N3 CFRP plate 165000 0.017 3100   50  21.1  0.98 CD   
                 
Aydin et al. 
(2014) 
M1.1  CFRP plate 165000 0.017 2800  Sika Sikadur 30 36.5 35.5 26.6  1.00 CD   
M1.2  CFRP plate 165000 0.017 2800  fa = 24 MPa 36.5 35.5 27.7  1.00 CD   
M1.3  CFRP plate 165000 0.017 2800  Ea = 12,800 MPa 36.5 35.5 -  - -   
 M2.1  CFRP plate 165000 0.017 2800  τa > 15 MPa 36.5 35.5 35.0  1.29 CD, AD   
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 M2.2  CFRP plate 165000 0.017 2800   36.5 35.5 24.9  0.92 AD   
 M2.3  CFRP plate 165000 0.017 2800   36.5 35.5 -   -   
 M3.1  CFRP plate 165000 0.017 2800   36.5 35.5 20.3  0.75 CD, AD   
 M3.2  CFRP plate 165000 0.017 2800   36.5 35.5 26.2  0.97 CD, AD   
 M3.3  CFRP plate 165000 0.017 2800   36.5 35.5 33.6  1.24 CD, AD   
 M4.1  CFRP plate 165000 0.017 2800   36.5 35.5 28.7  1.06 CD, AD   
 M4.2  CFRP plate 165000 0.017 2800   36.5 35.5 24.2  0.89 CD, AD   
 M4.3  CFRP plate 165000 0.017 2800   36.5 35.5 24.3  0.90 CD, AD   
                 
Hong et al. 
(2014) 
0  CFRP sheet 240000 0.017 3849   70.08  25.2  1.00 AD   
20  CFRP sheet 240000 0.017 3849   70.08  24.6  0.97 Gradual shift to CD with cycles 
 40  CFRP sheet 240000 0.017 3849   70.08  24.7  0.98 Gradual shift to CD with cycles 
Air-entrained 4% 60  CFRP sheet 240000 0.017 3849   70.08  24.6  0.97 Gradual shift to CD with cycles 
80  CFRP sheet 240000 0.017 3849   70.08  23.4  0.93 Gradual shift to CD with cycles 
 100  CFRP sheet 240000 0.017 3849   70.08  22.4  0.89 Gradual shift to CD with cycles 
Super plasticiser 140  CFRP sheet 240000 0.017 3849   70.08  22.7  0.90 Gradual shift to CD with cycles 
180  CFRP sheet 240000 0.017 3849   70.08  21.6  0.86 Gradual shift to CD with cycles 
 200  CFRP sheet 240000 0.017 3849   70.08  22.2  0.88 Gradual shift to CD with cycles 
w/c =0.28 240  CFRP sheet 240000 0.017 3849   70.08  20.7  0.82 Gradual shift to CD with cycles 
 260  CFRP sheet 240000 0.017 3849   70.08  15.7  0.62 Gradual shift to CD with cycles 
                 
Kabir et al. 
(2014) 
C-C-0 CFRP sheet 221900 - 2758  Sika Sikadur 330 36.6  6.1  1.00 CD   
C-H-1 CFRP sheet 221900 - 2758  fa = 30 MPa 36.6  6.0  0.99 CD   
C-E-2 CFRP sheet 221900 - 2758  Ea = 4,500 MPa 36.6  5.5  0.91 CD   
 C-T-1.25 CFRP sheet 221900 - 2758   36.6  6.4  1.05 CD   
 C-H-6 CFRP sheet 221900 - 2758   36.6  6.8  1.12 CD   
 C-E-6 CFRP sheet 221900 - 2758   36.6  5.2  0.85 CD   
 C-T-3 CFRP sheet 221900 - 2758   36.6  6.0  0.99 CD   
 G-C-0 GFRP sheet 71500 - 828   36.6  6.3  1.00 CD   
 G-H-1 GFRP sheet 71500 - 828   36.6  6.3  0.99 CD   
 G-E-2 GFRP sheet 71500 - 828   36.6  5.8  0.92 CD   
 G-T-1.75 GFRP sheet 71500 - 828   36.6  6.5  1.03 CD   
 G-H-6 GFRP sheet 71500 - 828   36.6  5.9  0.94 CD   
 G-E-6 GFRP sheet 71500 - 828   36.6  5.7  0.91 CD   
 G-T-3 GFRP sheet 71500 - 828   36.6  6.6  1.04 -   
                 
Shrestha et al. 
(2014) 
E39-0 CFRP sheet 245000  3400 Type E Type R  39.4 9.5  1.00 CD   
E39-1 CFRP sheet 245000  3400 fp = 24.85 MPa fa = 41.5 MPa  39.4 8.4  0.88 CD   
E39-2 CFRP sheet 245000  3400 Ep = 4,627 MPa Ea = 3,200 MPa  39.4 8.8  0.93 CD, AD   
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 E39-3 CFRP sheet 245000  3400 τp = 14.7 MPa τa = 14.9 MPa  39.4 9.0  0.95 CD, AD   
 E39-4 CFRP sheet 245000  3400    39.4 8.4  0.88 CD, AD   
 E39-6 CFRP sheet 245000  3400    39.4 10.0  1.06 CD, AD   
 E39-9 CFRP sheet 245000  3400    39.4 10.3  1.09 CD, AD   
 E39-12 CFRP sheet 245000  3400    39.4 12.1  1.28 CD, AD   
 E39-18 CFRP sheet 245000  3400    39.4 8.9  0.94 CD, AD   
 E39-24 CFRP sheet 245000  3400    39.4 9.7  1.02 CD, AD   
 F39-0 CFRP sheet 245000  3400 Type F   39.4 9.9  1.00 CD, AD   
 F39-1 CFRP sheet 245000  3400 fp = 48.2 MPa   39.4 8.8  1.02 CD, AD   
 F39-2 CFRP sheet 245000  3400 Ep = 3,630 MPa   39.4 9.7  0.91 CD, AD   
 F39-3 CFRP sheet 245000  3400 τp = 12.7 MPa   39.4 9.8  1.00 CD, AD   
 F39-4 CFRP sheet 245000  3400    39.4 9.6  1.02 CD, AD   
 F39-6 CFRP sheet 245000  3400    39.4 8.9  0.99 CD, AD   
 F39-9 CFRP sheet 245000  3400    39.4 8.7  0.92 CD, AD   
 F39-12 CFRP sheet 245000  3400    39.4 10.1  0.89 CD, AD   
 F39-18 CFRP sheet 245000  3400    39.4 9.0  1.04 CD, AD   
 F39-24 CFRP sheet 245000  3400    39.4 9.2  0.93 CD, AD   
 E39-WD-3 CFRP sheet 245000  3400    39.4 8.9  0.94 CD, AD   
 E39-WD-6 CFRP sheet 245000  3400    39.4 9.8  1.03 CD, AD   
 E39-WD-12 CFRP sheet 245000  3400    39.4 8.4  0.88 CD, AD   
 E39-WD-18 CFRP sheet 245000  3400    39.4 8.5  0.89 CD, AD   
 F39-WD-3 CFRP sheet 245000  3400    39.4 9.6  1.01 CD, AD   
 F39-WD-6 CFRP sheet 245000  3400    39.4 9.7  1.02 CD, AD   
 F39-WD-12 CFRP sheet 245000  3400    39.4 11.5  1.21 CD, AD   
 F39-WD-18 CFRP sheet 245000  3400    39.4 9.8  1.03 CD, AD   
 E89-0 CFRP sheet 245000  3400 Type E   39.4 11.0  1.00 CD, AD   
 E89-3 CFRP sheet 245000  3400 fp = 24.85 MPa   39.4 9.4  0.85 AD   
 E89-6 CFRP sheet 245000  3400 Ep = 4,627 MPa   39.4 9.0  0.82 AD   
 E89-12 CFRP sheet 245000  3400 τp = 14.7 MPa   39.4 7.4  0.67 AD   
 F89-0 CFRP sheet 245000  3400 Type F   39.4 10.2  1.00 CD, AD   
 F89-3 CFRP sheet 245000  3400 fp = 48.2 MPa   39.4 8.6  0.84 AD   
 F89-6 CFRP sheet 245000  3400 Ep = 3,630 MPa   39.4 8.3  0.82 AD   
 F89-12 CFRP sheet 245000  3400 τp = 12.7 MPa   39.4 7.1  0.70 AD   
                 
Hassan et al. 
(2015) 
BOSTUS CFRP plate 135000  2580  Selfix Carbofibe 47.37  60.2  1.00 CD   
BOLTAS-LB CFRP plate 135000  2580  Tg.a = 65 °C 47.37  60.1  1.00 CD   
 BOLTAS-OD CFRP plate 135000  2580  fa = 23 MPa 47.37  58.9  0.98 CD   
w/c = 0.47 BOLTAS-PW CFRP plate 135000  2580  Ea = 10,000 MPa 47.37  64.3  1.07 CD   
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 BOLTAS-SW CFRP plate 135000  2580  fac = 90 MPa 47.37  64.1  1.07 CD   
Max agg. 10mm BOLTALS50-LB CFRP plate 135000  2580  τa = 18 MPa 47.37  56.2  0.93 CD   
BOLTALS50-OD CFRP plate 135000  2580   47.37  63.0  1.05 CD   
 BOLTALS50-PW CFRP plate 135000  2580   47.37  69.2  1.15 CD   
BOLTALS50-SW CFRP plate 135000  2580   47.37  66.3  1.10 CD   
                 
Zhou et al. (2015) C-0  CFRP plate 240000 0.017 3433  Lica -100 A/B 56.1  17.7  1.00 CD   
C-30  CFRP plate 240000 0.017 3433  Nanjing Hitech Composites 56.1  18.3  1.03 CD   
 C-60  CFRP plate 240000 0.017 3433  fa = 55.6 MPa 56.1  18.3  1.03 CD   
w/c = 0.48 C-90  CFRP plate 240000 0.017 3433  Ea = 3,300 MPa 56.1  17.9  1.01 CD   
 C-120 CFRP plate 240000 0.017 3433  Tg.a = 60 °C 56.1  16.6  0.94 CD   
Max agg. 25 mm C-150 CFRP plate 240000 0.017 3433   56.1  15.1  0.85 CD   
G-0  GFRP plate 89300 0.024 1910   56.1  15.7  1.00 CD   
 G-30  GFRP plate 89300 0.024 1910   56.1  15.7  1.00 CD   
No primer G-60  GFRP plate 89300 0.024 1910   56.1  15.5  0.98 CD   
 G-90  GFRP plate 89300 0.024 1910   56.1  15.0  0.96 CD   
 G-120 GFRP plate 89300 0.024 1910   56.1  14.9  0.95 CD   
  G-150 GFRP plate 89300 0.024 1910     56.1   13.4   0.85 CD     
Note:                  
a
Specimen ID:
 
Where not available a name has been assigned by the authors 
b
Surface preparation method: A = abrasion; AH = air hammer; BH = bush hammer; C = cleaning; CA = compressed air; DS = disk sanding; G = grinding; M = mortar 
removed; MEK = methyl ethyl ketone; NG = nail gun; P = polished; R = roughening; S = sanding; SB = sandblasting; SP = sandpaper; WB = wire brushing; WJ = water jet 
c
Geometry: D = depth of concrete prism; b = width of concrete prism; L = length of concrete prism; ta = thickness of adhesive layer; tf = thickness of FRP; bf = width of FRP;  
d
Type of test: SLS = single lap shear; DLS = double lap shear; BBT = beam bond test 
e
Material properties: Ef = modulus of elasticity of FRP; ϵfu = FRP ultimate strain; ff = FRP ultimate tensile stress; fcm = mean 28 day concrete compressive strength; fc.st = mean 
concrete compressive strength on day of shear testing; fp = primer tensile strength; Ep = modulus of elasticity of primer; Tg.p = glass transition temperature of primer, HDT = 
heat deflection temperature, fac = adhesive compressive strength; fa = adhesive tensile strength, faf = adhesive flexural strength; fba = adhesive bond strength to concrete, τa = 
shear strength of adhesive, Ea = modulus of elasticity of adhesive, Tg.a = glass transition temperature of adhesive 
f
Failure mode: CD = concrete debonding; AD = adhesive debonding (at adhesive/concrete interface); R = FRP longitudinal rupture; FA = FRP-adhesive interface debonding; 
P = failure within primer layer; CF = failure during conditioning; WF = wedge/splitting failure of concrete substrate; PF = prism failure 
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3 Extraction and analysis of bond-slip 
characteristics in deteriorated FRP-to-
concrete joints using a mechanics based 
approach 
The work associated with this chapter has been published online in the peer-reviewed Journal 
of Materials in Civil Engineering. The published paper can be obtained via 
http://ascelibrary.org/doi/10.1061/(ASCE)MT.1943-5533.0001881. The version presented in 
this thesis is after peer review and prior to copyediting. Chapter numbers are included in 
figure and table captions for coherence. 
 
This work can be cited as: Gravina, RJ, Aydin, H & Visintin, P 2017, ‘Extraction and 
analysis of bond-slip characteristics in deteriorated FRP-to-concrete joints using a mechanics 
based approach’, Journal of Materials in Civil Engineering, doi: 10.1061/(ASCE)MT.1943-
5533.0001881. 
Synopsis 
Describing bond behaviour in terms of strength alone does not allow for an accurate 
prediction of the full range load-deflection behaviour in flexural members. Chapter 2 showed 
that reporting of the full-range load-slip relationship is very limited, hindering efforts to 
formulate bond-slip models. Therefore, to further investigate the deteriorated behaviour of 
FRP-to-concrete joints, an experimental study is conducted to determine the effects of three 
aqueous conditions: continuous immersion in either water; saltwater; or a sulphuric acid 
solution. Then using a mechanics based numerical approach, bond-slip characteristics are 
extracted from the results of present study as well as in published literature to propose a set of 
conservative bond deterioration factors. The factors allow for the design of future shear bond 
tests that accommodate extensions of the effective bond length.  
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Abstract 
Adhesively bonding fiber-reinforced polymer (FRP) composites to reinforced concrete 
members is a simple and highly effective method to restore strength, increase loading 
capacities and extend the service life of structures. With growing demand and wider 
applications of these strengthening systems, it is their durability that has recently received 
significant attention from the research community, largely in the form of laboratory testing of 
deteriorated FRP-to-concrete joints. In order to develop generalized deterioration factors, a 
database of shear tests has been collected to quantitatively assess the change in bond 
characteristics across a number of environmental conditions. It has been identified that a 
major shortcoming of existing test data is that reporting of the full range load-displacement 
behavior is very limited. To supplement existing data, an experimental study is devised to 
further assess the deterioration of carbon FRP bonded systems under three aqueous 
conditions. The investigation consists of continually immersing specimens in water, a 5% salt 
solution and, for the first time, a sulfuric acid solution of pH 4.0 to simulate the pooling of 
acid rain. Results show that sulfuric acid attack is most detrimental to the durability of the 
bond. Then, using a mechanics based numerical model, bond properties are extracted from the 
present results as well those in published literature, to determine conservative deterioration 
factors for the change in bond characteristics with environmental exposure. 
Keywords: 
Concrete, FRP, externally bonded, adhesive, durability, effective bond length 
3.1 Introduction 
Strengthening of structurally deficient reinforced concrete (RC) elements by externally 
bonding fiber-reinforced polymer (FRP) sheets or laminates to tension faces is now common 
practice. The long-term environmental effects on previously well understood crack-induced 
debonding failures is, however, largely unknown. Current design guidelines are only able to 
demonstrate reservations for environmental effects through correcting the rupture elongation 
of FRP by an environmental reduction factor in the order of 0.85-0.95 based on exposure 
conditions (ACI Committee 440 2008) and imposing a maximum design life on strengthening 
systems with continued re-assessment post-strengthening (Concrete Society Working Party 
2012). Concerns over the durability of these bonded joints has prompted widespread push-
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pull testing over the past 20 years across a range of materials and test setups (Aydin et al. 
2016) that isolate the crack separation behaviour observed in intermediate crack (IC) and 
critical diagonal crack (CDC) debonding failures, so as to determine changes to bond 
behaviour. Despite widespread laboratory testing on the deterioration of the FRP-to-concrete 
bond, reporting of the full range load-displacement relationship is limited to the studies 
summarized in Table 3.1. The lack of complete reporting is significant as it limits the 
usefulness of existing test data and hinders efforts to develop new deterioration models. 
Table 3.1. Durability tests including full range load-displacement relationships 
Reference Test conditions
a
 
Test 
setup
b
 
Type of 
FRP
c
 
Other test 
variables
d
 
Mukhopadhyaya 
et al. (1998) 
 
Wet-dry cycling in 5% NaCl, room temperature, 18 
cycles 
DLS GFRP 
plate 
Concrete grade 
Wu et al. (2004) Elevated temperature 26 to 50 °C, 6.5 hours DLS CFRP 
sheet 
 
Epoxy type 
Au and 
Büyüköztürk 
(2006) 
Continuous immersion in water, 23 to 50 °C, 8 
weeks 
SLS CFRP 
plate 
Epoxy type 
Fava et al. (2007) Salt fog 5% NaCl, 50 °C, 1 month SLS CFRP 
plate 
- 
Tam (2007) Freeze-thaw cycling in water, -20 to 20 °C, 300 
cycles 
DLS CFRP 
plate 
GFRP 
plate 
Bonded length 
Sustained load 
Klamer (2009) -20 to 100 °C, 16 hours DLS CFRP 
plate 
Concrete grade 
Yun and Wu 
(2011) 
Freeze-thaw in water and 4% NaCl solution, -17 to 
4 °C, up to 67 cycles 
SLS CFRP 
sheet 
Concrete grade 
Sustained load 
Shi et al. (2013) Freeze-thaw cycling, -17 to 4 °C, up to 300 cycles DLS BFRP 
sheet 
Sustained load 
Epoxy type 
Note:  
a
Test conditions: Included are the type of exposure, temperature range tested, concentration of solution, 
maximum test duration or cycles tested. 
b
Test type: SLS = single lap shear; DLS = double lap shear. 
c
Type of FRP: CFRP = carbon FRP; GFRP = glass FRP; BFRP = basalt FRP; Plate = refers to bonding of 
pultruded or prefabricated laminates; Sheet = refers to bonding by the wet lay-up technique. 
d
Other test variables: Test parameters that have been changed in addition to the duration, temperature or number 
of cycles of environmental conditioning. 
 
To further investigate the deteriorated behaviour of the joint, an experimental study by the 
authors was conducted to determine the performance of the bond under three aqueous 
conditions: immersion in either water; saltwater; or a sulfuric acid solution. The experimental 
study is the first to investigate the effect of the most commonly occurring natural acid, 
sulfuric acid, on bond performance previously only investigated for the durability of concrete 
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specimens (Raju and Dayaratnam 1984; Kong and Orbison 1987; Attiogbe and Rizkalla 
1988). Sulphur dioxide emissions, responsible for sulphuric acid depositions are 
commonplace in highly industrialized cities. New York City, for example, has an average pH 
of rainfall ranging from 4.0 to 4.5 (Winkler 1997). The devised test simulates the pooling 
effects of wet depositions at this pH level of 4.0 on strengthened concrete surfaces. 
 Then, using well established numerical methods (Haskett et al. 2008), the local bond 
stress-slip (τ-δ) characteristics are extracted for a range of environmental conditions. 
Significantly, it is also shown that the majority of the tests results gathered for the analysis 
can only be accurately assessed with the proposed model since the range of parameters in the 
test database are often outside the bounds of existing predictive strength and bond-slip 
models. 
3.2 Experimental study 
Specimens prepared for determining the effects of aqueous environmental conditions on 
carbon FRP-to-concrete joints were divided into four series: one control series for kept under 
ambient laboratory conditions, a series exposed to water immersion, a series exposed to a salt 
solution and the fourth exposed to an acidic solution. These are identified respectively as the 
M1.x, M2.x, M3.x and M4.x series with each containing three samples. 
3.2.1 Materials 
The joint constitutes three materials: FRP, concrete and structural adhesive. Manufacturer 
specified mechanical properties of the unidirectional CFRP pultruded plate, and the adhesive 
binding agent, a two-part thixotropic epoxy resin, are found in Table 3.2. Concrete prisms 
were fabricated with dimensions 150 x 150 x 300 mm, allowing for a 200 mm bonded length, 
and is greater than the required 196 mm for an undeteriorated joint, predicted using the model 
of Chen and Teng (2001). 
Table 3.2. Mechanical properties of the FRP composite and adhesive 
Carbon FRP plate Values 
Tensile modulus >2,800 MPa 
Elastic modulus >165,000 MPa 
Ultimate strain >0.017 
Nominal thickness 1.4 mm 
Structural epoxy Values 
Elastic modulus 12,800 MPa 
Adhesive strength >4 MPa 
Shear strength >15 MPa 
Note: Mean values according to the manufacturer’s information 
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Twelve concrete cylinders of diameter 100 mm and depth of 200 mm were cast 
simultaneously for the purpose of determining the 28 day strength and strength on the day of 
the single shear test. Testing is necessary at both instances to be able relate any differences in 
bond strength to concrete strength development over the conditioning period. All concrete 
prisms and compressive cylinders were cast from a single pour with the mix design in Table 
3.3.  
Table 3.3. Concrete mix 
Materials Volume (kg/m
3
) 
Cement 410 
River sand 735 
Coarse aggregate  
 10 mm crushed aggregate 705 
 14 mm crushed aggregate 355 
 
All concrete samples were subject to 28 days curing in water, where the mean compressive 
strength of three cylinders was determined to be 36 MPa. On the day of testing, the mean of 
three cylinders was found to be an unchanged 36 MPa under ambient laboratory conditions, 
43 MPa under salt solutions and 39 MPa under acid solutions. The increase in strength is 
explained by the ongoing hydration process that is known to accelerate under moist 
conditions (Wood 1991). 
3.2.2 Specimen preparation 
For the pull test specimens, the surface to which the FRP was to be bonded was prepared by 
mechanically grinding in the direction of axial loading to a depth of 2 ± 0.25 mm to remove 
surface mortar and expose underlying aggregates. These test surfaces were then cleaned with 
compressed air prior to FRP attachment. The initial 40 mm length at the loaded end remained 
unbonded to avoid local damage to the concrete and prevent undesired wedge or concrete 
splitting failures. The FRP-to-concrete width ratio is significant to the strength of the joint 
(Chen and Teng 2001; Lu et al. 2005) thus a ratio of one third was adopted in this test as 
illustrated in Fig. 3.1(a) and Fig. 3.1(b). That is, a single ply of 50 mm wide carbon FRP 
laminate bonded over a length of 200 mm to a 150 mm wide concrete prism. 
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Fig. 3.1. Geometry of test specimens and shear test setup 
 
Since the uniformity of the adhesive layer is difficult to control, aluminium strips were 
fabricated to act as formwork and minimize errors in controlling the adhesive thickness and 
achieve a previously defined optimum thickness of 4.0 mm (Hadigheh et al. 2015). The 
process involved pressing a single layer of ethanol cleaned carbon FRP laminate, against the 
adhesive until the laminate was level with the 5.5 mm thick formwork, forcing out the excess 
and achieving the target thickness. To complete the samples, 100 mm long aluminium tabs 
were adhesively bonded to the loaded end to prevent local damage to the FRP laminate during 
loading. It should be noted that primers were not used during the bonding process in line with 
supplier instructions. 
3.2.3 Environmental conditioning 
Ambient control samples remained beside the conditioned samples at all times to ensure all 
samples were kept at a room temperature of 22 °C. At present, there are no standard 
procedures for environmental conditioning of FRP-to-concrete joints, so exposing samples to 
aqueous solutions for 8 weeks accelerated degradation over a short period of time. To 
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simulate the effects of surface pooling of rainwater, poor surface runoff or 100% relative 
humidity, samples in the M2.x series were subject to continuous immersion in tap water. The 
entire bonded region was submerged, allowing for 100 mm of FRP to protrude and form the 
gripping length at the loaded end as illustrated in Fig. 3.2. 
 
Fig. 3.2. Conditioning test setup 
 
Likewise, samples in the M3.x series were immersed in a 5% NaCl solution. The solution was 
prepared by dissolving salt at a concentration of 50 grams per liter in water, simulating the 
use of chloride de-icing agents on concrete surfaces or the effects of chlorides on strengthened 
coastal structures. Samples of the M4.x series were immersed in acid solution of pH 4.0, 
prepared using water and a sulfuric acid (H2SO4) concentration of 0.49%. The concentration 
of sulfuric acid was chosen to simulate the pooling of acid rain on strengthened surfaces of 
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RC elements and results in a combined acid and sulfate attack. Due to the nature of the 
alkalinity of the concrete, acid solutions were replenished fortnightly to restore the pH to 4.0. 
Each sample was conditioned for a period of two months, 1,344 hours, in individual 
containers under respective aqueous solutions. All samples were isolated in separate 
containers to ensure each sample was independent and the pH of each solution can be 
individually monitored. Following environmental exposure, all shear test samples and their 
compressive cylinders were removed from their respective baths, allowed to dry for a period 
of 4 days, then weighed and inspected for physical changes. 
3.2.4 Instrumentation and test setup 
After environmental exposure, one sample from each series was instrumented with 10 mm 
strain gauges at 6 positions of graduating intervals along the bonded length. The first strain 
gauge was attached to the loaded end, and each following strain gauge was placed at 
graduating intervals of 25, 25, 40, 40 and 50 mm (centre-to-centre) towards the free end. The 
shorter distances at the loaded end allow for closer measurement of strain development prior 
to the initiation of debonding. For this study, crack separation under flexural loading was 
simulated by means of a modified single shear test carried out in the horizontal position using 
a hydraulic actuator. An aluminium angle was bonded to the FRP plate directly above the 
loaded end of the bonded region to directly measure the relative displacement (slip) between 
the FRP and concrete by a linear variable differential transformer (LVDT). A second LVDT 
measured the displacement of the concrete prism with respect to the rig base during loading. 
Fig. 3.1(c) shows the test rig, the specimen and the position of the LVDTs. Samples were 
loaded monotonically to failure with displacement control rate of 0.2 mm/min. The remaining 
compressive cylinders were loaded to failure in a hydraulic compression testing machine at a 
rate of 20 ± 2 MPa/min. 
3.3 Results 
3.3.1 Prior to testing 
No visible changes to the surface of the FRP, adhesive or concrete were observed under water 
or salt water exposure. However, after 912 hours (38 days) under the acid solution, all 
samples displayed yellow discolouration of the concrete substrate due to the formation of 
gypsum on the concrete surface. As the thickness of the gypsum layer developed over the 
period of conditioning; the rate of uptake of sulphate ions diminished according to Fig. 3.3. 
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No visible changes to the adhesive layer or FRP were observed over the full period of 
conditioning. 
 
Fig. 3.3. Average change in pH for acid exposed samples 
 
To establish a baseline for the change in the solution pH, measurements were also taken from 
the water and salt water samples over the same duration of time. It was found that a 5% salt 
water solution has no noticeable effect on the pH in comparison to tap water after a period of 
8 weeks. A peak pH of 10 was reached within the initial week of exposure which remained 
constant for the entire 8 week conditioning period (Fig. 3.3), effectively exposing the joint to 
an alkaline environment. 
3.3.2 Failure modes 
A well designed FRP-to-concrete joint should ensure that failure occurs exclusively in the 
substrate material. The strengthening system itself, that is, the strength of the bond between 
the FRP and structural adhesive should not be limiting to the strength of the FRP-to-concrete 
joint. This is required such that the adhesive need not be considered explicitly. Although most 
environmentally conditioned samples do not exhibit the desired thin layer concrete failure in 
undeteriorated sample, but rather have some degree of interfacial failure between the 
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concrete, adhesive and FRP with little to no visible damage to the concrete substrate (Aydin et 
al. 2016). 
 The failure modes observed in this study are consistent with published literature which 
have reported that failure modes shift from concrete delamination to concrete/adhesive 
interface failure in moist environments (Au and Büyüköztürk 2006; Lai et al. 2009; Shrestha 
et al. 2014). Fig. 3.4 shows the various failure modes shifting away from the thin concrete 
layer with conditioning. Ambient control samples exhibit failure mainly within the concrete 
layer in Fig. 3.4(a), shifting to the concrete/adhesive interface under water immersion in Fig. 
3.4(b) and saltwater samples in Fig. 3.4(c), each exhibiting less damage to the concrete 
substrate. In the case of the acid exposed sample M4.1, failure occurs mainly at the 
adhesive/concrete interface but also at the adhesive/FRP interface, particularly in the vicinity 
of the free end of the sample, where a large crack has separated the FRP from the concrete 
seen in Fig. 3.4(d). A summary of failure modes, debonding loads, recorded axial 
displacements and changes in mass may be found in Table 3.4. 
 
a) Ambient laboratory conditions 
 
b) Water immersion 
 
c) 5% NaCl solution 
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d) pH 4.0 sulfuric acid solution 
Fig. 3.4. Typical failure modes by exposure 
 
Table 3.4. Summary of results 
 
   At peak load At failure 
 
  
Specimen 
ID 
% 
Mass 
gain 
Adhesive 
thickness 
(mm) 
FRP 
thickness 
(mm) 
Load 
(kN) 
Slip 
(mm) 
Load 
(kN) 
Slip 
(mm) 
Failure 
plane
a
 
(mm) 
Failure 
mode
b
 
% in 
concrete 
layer  
Exposure condition: Ambient 
M1.1 - 4.66 1.52 26.6 0.448 26.2 0.556 0.416 a 60.0 
M1.2 - 4.86 1.47 27.7 0.577 25.9 0.577 0.431 a 69.6 
Mean - 4.76 1.50 27.2 0.513 26.0 0.567 0.424 - 64.8 
Exposure condition: Water immersion 
M2.1 1.48 5.12 1.48 35.0 0.726 34.7 0.749 0.214 a, b, c 40.3 
M2.2 1.46 4.93 1.47 24.9 0.509 24.8 0.516 0.449 a, b 4.32 
Mean 1.47 5.03 1.48 30.0 0.616 29.8 0.633 0.332 - 22.3 
Exposure condition: 5% NaCl saltwater 
M3.1 1.79 4.83 1.47 25.9 0.311 25.2 0.448 0.141 a, b 5.68 
M3.2 1.45 4.50 1.47 26.2 0.402 25.0 0.569 0.345 a, b 16.5 
M3.3 1.50 4.43 1.50 33.6 0.377 32.7 0.655 0.928 a, b 50.6 
Mean 1.58 4.59 1.48 28.6 0.363 27.6 0.557 0.471 - 24.3 
Exposure condition: pH 4.0 H2S04 
M4.1 2.11 4.40 1.50 28.7 0.521 28.5 0.551 0.691 a, b, c 7.46 
M4.2 1.78 4.70 1.50 24.2 0.426 24.1 0.477 0.985 a, b 8.89 
M4.3 1.76 4.57 1.50 24.3 0.569 24.1 0.581 0.117 a, b 19.3 
Mean 1.88 4.56 1.50 25.7 0.506 25.5 0.536 0.598 - 11.9 
Note:  
a
Failure plane refers to the added thickness to the bonded system due to failure within the concrete layer. 
b
Failure mode: a = thin concrete layer; b = adhesive/concrete interface; c = adhesive/FRP interface. 
 
Change in mass refers to the percentage difference in mass of samples measured prior to 
conditioning and after 4 days of drying after conditioning. Samples exposed to water and 
saltwater have a very similar change in mass, due to the uptake of water. Whereas acid 
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exposed samples have slightly higher mass due to the formation of gypsum on the concrete 
surface. Difference in results between samples in the same series may be attributable to the 
segregation of aggregates along the bonded surfaces, minor differences in adhesive thickness, 
the uniformity of the adhesive layer or local bending due to misalignment. Samples M1.3 and 
M2.3 have been discarded as both had exhibited excessive displacement caused by adhesive 
thickness irregularities in the FRP attachment process, a common disadvantage of pultruded 
systems in contrast to other processing techniques (Gravina et al. 2014). 
 A significant difference in the bond strength is not observed between the four series. 
Aydin et al. (2016)’s review into the durability of FRP-to-concrete joints found that under 
moist conditions, the normal scattering of bond test results are generally due to the maturity of 
the concrete substrate and the properties of the bonding adhesive. The specimens tested here 
contain concrete cast from a single pour, the same FRP pultruded plates and structural 
adhesive and so do not exhibit a high degree of bond deterioration over the 8 weeks of 
conditioning.  
3.3.3 Load-displacement behaviour 
The displacement measured by the LVDT positioned at the simulated crack face is plotted 
against the axial load obtained from the mechanical actuator in Fig. 3.5, where the average of 
multiple results for each conditon are compared. The load-displacement curves between the 
various exposure conditions are very similar after 2 months of conditioning, however changes 
to strength and stiffness are most noticeable in the acid exposed samples. 
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Fig. 3.5. Average load-displacement behaviour 
3.3.4 Strain readings 
Strain distribution along the FRP laminates are shown in Fig. 3.6. Fig. 3.6(a) shows the 
distribution of strain in an undeteriorated control sample, a sample subject to water immersion 
is shown in Fig. 3.6(b), a salt solution in Fig. 3.6(c) and acid solution in Fig. 3.6(d). Strain 
gauges located directly at the fixed end in samples M1.1 and M2.1 failed to record useful data 
due to strain gauge attachment failure and have been omitted. Nevertheless, strain readings in 
M1.1 are highest at 55 mm from the loaded end, here local bond properties move into a 
descending branch just prior to local debonding. The measured strains at this point are 
unusually high, and may be explained by the presence of aggregates. The failure plane of 
sample M1.1 in Fig. 3.6(a) shows that the larger 14 mm aggregates lie in the vicinity where 
these high strains are measured. Another contributing factor could be local bending of the 
FRP plate, caused by a possible misalignment during testing. These results are comparable to 
a previous study that has shown that strain readings are not always the highest at the loaded 
end as adhesive thickness is increased (Hadigheh et al. 2015). 
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Fig. 3.6. Strain distribution over bonded length 
 
Due to the geometry of the bonded region, the region near the loaded end is exposed to 
environmental conditioning on three sides. Strain readings at this point were expected to be 
lower however the additional exposed area has no influence on debonding strains. Other 
fluctuations of strain over the bonded length may be due to local bending of the plate prior to 
and after crack propagation as well as the segregation of aggregates across the bonded 
concrete surface. 
 For externally bonded FRP composites, there exists a bond length to which no further 
increase in bond length will produce greater bond strength (Chen and Teng 2001; Lu et al. 
2005; Seracino et al. 2007). In Fig. 3.6, the effective bond length, Lcrit is defined as the 
distance from the loaded end to the point where the strain in the FRP is 3% of the strain at the 
onset of debonding. The onset of debonding is the point at which a significant change in the 
FRP strain is observed between consecutive strain gauges. This point varies for each sample 
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and occurs at 70% of the maximum load, Pmax under ambient laboratory conditions, 80% of 
Pmax under moist conditions, 95% of Pmax under saltwater and 70% of Pmax under the acid 
solution. Fig. 3.6(a) demonstrates how Lcrit can be identified within the bonded length as 
debonding propagates. Since the strain gauge at the loaded end in the ambient laboratory 
condition has failed to record useful data, determination of Lcrit can begin at a 55 mm distance 
from the loaded end. Differences in debonding load between each sample in Fig. 3.6 are due 
to the varying levels of shear resistance provided by aggregates along the bonded surfaces that 
act to resist crack propagation, allowing for increases in load past the initiation of debonding. 
The results suggest that exposure to water and saltwater reduce the ability of the concrete to 
provide shear resistance after debonding is initiated. Debonding initiates at a lower 70% of 
Pmax under the acid solution, however this due to the immediate softening behavior of the 
bond during loading caused by the deleterious effect sulfuric acid has on concrete. 
 In addition to the strain distribution, the load-displacement relationships in Fig. 3.5 also 
demonstrate this behavior. The point of the imitation of debonding is the plateau following 
the initial ascending branch (Yuan et al. 2004). Evidently, under water immersion and the 
acid solution, effective bond lengths increase in comparison to the ambient control samples. 
Under saltwater, the progression of the crack after the initiation of debonding is more rapid, 
the effective bond length contracts slightly in relation to the ambient control sample. 
3.4 Extraction and analysis of bond properties 
A rationale for predicting the long-term change in bond properties for FRP-to-concrete joints 
under various environmental conditions is developed using the experimental results presented 
in this paper and from other published experimental works. A number of simplifying 
assumptions and a set of imposed criteria are applied to the available test results. It will be 
shown how a mechanics based approach (Haskett et al. 2008) can be used to extract bond 
properties from experimental results from which conservative deterioration factors may be 
determined. 
3.4.1 Bond property extraction criteria and assumptions 
In order to extract bond properties from individual samples across numerous studies, certain 
criteria are required from the test results. These criteria are: 
1. Tests must simulate mode II (in-plane shear) sliding fracture in IC debonding failures 
in flexural members by single or double shear tests; 
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2. Specimens must have FRP bonded prior to conditioning. The conditioning must also 
take place over a certain period prior to testing; 
3. The undeteriorated control sample must be free from sustained loading (Al-Tamimi et 
al. 2014); 
4. The load-displacement response must be reported for accurate extraction of the bond 
properties; 
5. It is crucial that that the bonded length, L be greater than the critical/effective bond 
length Lcrit. Effective bond lengths of test specimens in the ambient condition will be 
checked, where possible, against the well-recognized bond strength models and 
experimental strain readings. Where it is deemed that an effective bond length is not 
reached over the provided test bonded length, the result will be omitted.  
 Given the limited number of shear tests reporting the load-slip, P-δ relationship, double 
shear tests, shown previously to produce statistically similar results to single shear tests 
(Aydin et al. 2016) are simplified to an equivalent single shear test. This is achieved by 
dividing the specimen geometry in two in a way such that one bonded side is considered to 
produce half of the failure load (Lu et al. 2005; Wu et al. 2009).  
3.4.2 Partial interaction mechanics 
A mechanics based approach is utilized to quantify the partial interaction behaviour between 
the FRP and concrete substrate to extract bond-slip, - characteristics from the available test 
data (Haskett et al. 2008). This generic approach is not limited to the bounds of empirical 
models and can be applied to pull-tests of external reinforcement of any area Ap, concrete 
prism substrate area Ac, failure plane contact perimeter Lper and bonded length L. The failure 
plane contact perimeter for an FRP plate refers to the bonded width plus the depth of the 
failure into the concrete cover, taken here as 1 mm (Seracino et al. 2007). The approach 
allows for a single - characteristic of any pre-defined form to be derived numerically rather 
than as local relationships between strain gauges instrumented on the surface of FRP plates or 
points in digital image correlation (DIC) methods. 
 To demonstrate the mechanism, consider an axially loaded FRP plate externally bonded to 
a concrete substrate prism in Fig. 3.7. As a shear bond test specimen is loaded, typically with 
displacement control, a slip, δ is induced between the plate and concrete to produce a load, 
Pp1 in the plate at the loaded end which transfers along length of the bond and tends to zero at 
the free end of the bonded length, L producing a boundary value problem. To solve this 
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boundary value problem, an iterative shooting technique is utilized where the value of Pp1 is 
searched for, to satisfy the boundary conditions of zero slip and slip strain at the free end, δL = 
δ’L = 0. Should the bonded length be too short to allow the effective bond length, Lcrit to be 
attained, the boundary condition may be changed to zero strain in the plate at the free end, pL 
= 0 (Haskett et al. 2008). The FRP-to-concrete bonded length is divided into n segments of 
equal length Ls, where the length of segments are much smaller than L and slip is assumed to 
be constant over each individual segment. 
 
Fig. 3.7. Partial interaction numerical simulation for IC debonding 
 
Consider segment 1: as the bonded joint is loaded, the plate slips δ mm relative to the 
concrete prism to produce a strain in the plate of εp1. The rigidity characteristics of the plate 
provide the force in the plate at segment 1, Pp1. The strain in the concrete prism opposing the 
plate is εc1 and a function of the force in the concrete, Pc1 which is equal to zero at the loaded 
end. A bond force, B1, of magnitude τ1LperLs opposes and reduces the plate force Pp1, where τ1 
is the corresponding bond stress to the slip δ in a pre-defined τ-δ relationship. By equilibrium, 
the plate force at the end of segment 1 then becomes Pp1 – B1. The slip strain δ’1 over segment 
1 is εp1 – εc1, and multiplying δ’1 by the segment length, Ls gives the change in slip over the 
segment, δ’1. The slip at the end of segment 1 is then δ − δ’1 and the process is repeated 
through all segments until the boundary conditions of δL = δ’L = 0 are satisfied. The slip at the 
loaded end, δ may then be incremented and the process repeated. The analysis terminates 
when the slip, δ reaches the slip at unloading, δin in the experimentally observed P- 
relationship to reveal the - characteristic for a particular sample. 
 The modulus of elasticity of the adhesively bonded FRP plate is found using the rule of 
mixtures. The bonding adhesive in FRP-to-concrete bonded joints is known to alter the 
behaviour of the bond (Chen and Teng 2001; Dai et al. 2002; Lu et al. 2005). In particular, it 
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has been shown using the rule of mixtures to determine the equivalent modulus of the FRP 
plates, has a high correlation with experimentally measured plate moduli (Seracino et al. 
2007). The FRP and the adhesive are considered as a single composite material, and 
accommodated using Eq. 3.1 and Eq. 3.2. 
 
 p f 1 aE fE f E     (3.1) 
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f a
t
f
t t


  (3.2) 
where Ef is young’s modulus of the FRP, Ea is the tensile modulus of the adhesive, f is the 
thickness fraction, tf is the thickness of the FRP and ta is the thickness of the adhesive layer. 
To apply the rule of mixtures to the wet layup technique, the gross thickness of the fabricated 
laminate is taken as equal to a 1.0 mm thick plate. Thus Ap is the equivalent area of the 
laminate, tp is the equivalent thickness of the laminate and the geometric differences are 
illustrated for sheet bonded specimens in Fig. 3.8(a) and plate bonded specimens in Fig. 
3.8(b), with SLS and DLS referring to the testing of either a single lap shear or double lap 
shear specimen. 
 
Fig. 3.8. Geometric difference of sheet and plate bonded specimens 
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It is important to note that Mukhopadhyaya et al. (1998) have not reported the elastic modulus 
of the adhesive, however a trial value of 3.00 GPa provides an effective bond length that 
closely matches those of experimental measurements. Likewise Fava et al. (2007) have 
reported the elastic modulus of the adhesive but not its thickness, therefore in line with the 
method described above, it will be assumed that the FRP laminate is bonded to the concrete 
substrate with a 1.0 mm adhesive thickness. 
3.4.3 Extraction of bond properties from degraded joints 
In order to extract bond properties using the described mechanics based approach, the pre-
defined form of the - relationship must first be chosen. The shape of the idealized - 
relationship used in this paper is a modified form of the widely accepted CEB-FIB Model 
Code for steel bars embedded into concrete (CIB 1993) and chosen for its simplicity and fit 
with the experimental results. For this study, the maximum bond stress, τmax at a slip δ1 
indicates softening behavior brought on by micro-cracking, extending along a descending 
branch until the eventual initiation of debonding at a slip of δmax. The frictional component of 
the bond-slip characteristic, τf seen as the dashed line, in Fig. 3.9 represents the shear 
resistance provided by aggregate interlock on bonded surface after the onset of debonding. 
The function defining this modified form of the τ-δ relationship is given by Eq. 3.3. 
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Fig. 3.9. Form of idealized bond-slip relationship 
 
For externally bonded FRP-to-concrete joints, τf is usually neglected and considered to equal 
zero (Lu et al. 2005; Yuan et al. 2004; Seracino et al. 2007). However, the model presented 
here provides a generic approach that can be applied to any FRP reinforcement and any 
concrete substrate, allowing for τf to be extracted from any pull-test. Therefore τf is extracted 
for every specimen considered for this study and listed in Table 3.5, but is omitted from the 
statistical analysis as values are often very small, equal to zero or highly scattered. 
 Next, using the partial-interaction (PI) mechanics approach, the values of the bond 
properties δmax, δ1, τmax and τf that form the - relationship are varied to generate a P- 
relationship matching the experimentally observed P- relationship of a particular shear bond 
test sample. In Fig. 3.10(a), a P- curve, specific to the control sample M1.1 is generated 
using the PI mechanics approach, and the extracted bond properties are presented in Fig. 
3.10(b). Here the τmax is found to be 10.0 MPa, δ1 to be 0.0500 mm, δmax to be 0.120 mm, τf to 
be 2.80 MPa and Lcrit to be 61 mm. 
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Fig. 3.10. Generated P-δ relationship and extracted τ-δ relationship 
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Table 3.5. Summary of extracted bond properties where L > Lcrit 
Specimen ID
a
 Test condition
b
 
Failure 
layer
c
 τmax δ1 δmax τf δin Lcrit 
L > 
Lcrit 
A-Control Control C 5.80 0.186 0.186 0.00 0.186 154 Yes 
A-WDsalt 18 wet-dry cycles in 
5% salt solution 
C, A 6.05 0.178 0.178 0.00 0.178 146 Yes 
A-FT 18 freeze-thaw cycles  C, A 6.50 0.166 0.166 0.00 0.166 135 Yes 
A-Dual 18 freeze-thaw cycles 
in 5% salt solution 
A 4.80 0.228 0.228 0.00 0.228 186 Yes 
B-Control Control C 6.90 0.157 0.157 0.00 0.157 128 Yes 
B-WDsalt 18 wet-dry cycles in 
5% salt solution 
C, A 4.65 0.231 0.231 0.00 0.231 191 Yes 
B-FT 18 freeze-thaw cycles  C, A 10.2 0.109 0.109 0.00 0.109 88 Yes 
B-Dual 18 freeze-thaw cycles 
in 5% salt solution 
A 5.45 0.201 0.201 0.00 0.201 163 Yes 
E2-Dry50 Elevated temperature 
of 50 °C 
A 8.20 0.150 0.320 3.94 0.720 119 Yes 
R18A Control U 4.50 0.100 0.260 0.00 0.670 276 Yes 
R18B Control U 5.10 0.0100 0.164 0.612 0.400 159 Yes 
R15B 133 freeze-thaw 
cycles 
U 3.00 0.150 0.300 0.00 0.490 387 Yes 
R12A Salt fog 5% NaCl U 3.89 0.0700 0.470 0.467 0.788 354 Yes 
C-100-SF-1 300 freeze-thaw 
cycles with 30% 
sustained load 
C 11.0 0.137 0.137 3.00 0.477 90 Yes 
C-100-SF-2 300 freeze-thaw 
cycles with 30% 
sustained load 
C 15.2 0.0827 0.0827 1.15 1.21 58 Yes 
C-200-C-2 Control C 8.50 0.0500 0.180 0.550 1.44 93 Yes 
C-200-C-3 Control C 12.5 0.0100 0.110 0.550 0.991 53 Yes 
C-200-FT-2 300 freeze-thaw 
cycles 
C 9.10 0.110 0.110 0.920 2.53 97 Yes 
C-200-FT-3 300 freeze-thaw 
cycles 
C 11.0 0.0100 0.110 1.31 1.82 54 Yes 
C-200-S-1 30% sustained load C 6.30 0.200 0.426 0.100 1.49 187 Yes 
C-200-S-3 30% sustained load C 9.10 0.0100 0.140 0.900 1.09 68 Yes 
C-200-SFT-1 300 freeze-thaw 
cycles with 30% 
sustained load 
C 14.0 0.0500 0.105 0.980 1.72 60 Yes 
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C-200-SFT-3 300 freeze-thaw 
cycles with 30% 
sustained load 
C 6.30 0.200 0.426 0.100 1.49 187 Yes 
G-100-S-1 30% sustained load C 17.5 0.100 0.192 0.320 1.28 50 Yes 
G-100-S-3 30% sustained load C 6.08 0.0500 0.348 1.30 1.98 92 Yes 
G-100-SFT-3 300 freeze-thaw 
cycles with 30% 
sustained load 
C 6.25 0.222 0.222 1.34 1.68 97 Yes 
G-200-C-2 Control C 6.00 0.0100 0.770 0.00 2.50 126 Yes 
G-200-C-3 Control C 7.50 0.0100 0.393 0.260 2.85 88 Yes 
G-200-FT-2 300 freeze-thaw 
cycles 
C 5.60 0.200 1.50 0.00 2.77 197 Yes 
G-200-FT-3 300 freeze-thaw 
cycles 
C 3.15 0.0100 1.50 0.250 3.01 162 Yes 
G-200-S-1 30% sustained load C 11.2 0.159 0.159 1.12 1.56 77 Yes 
G-200-S-2 30% sustained load C 12.4 0.169 0.169 1.90 1.15 62 Yes 
G-200-S-3 30% sustained load C 14.7 0.100 0.100 1.15 1.45 43 Yes 
G-200-SFT-1 300 freeze-thaw 
cycles with 30% 
sustained load 
C 5.50 0.347 0.347 0.700 2.65 131 Yes 
G-200-SFT-3 300 freeze-thaw 
cycles with 30% 
sustained load 
C 14.5 0.0100 0.299 0.820 2.13 51 Yes 
DLS-41-20a Freeze at -20 °C C 7.50 0.150 0.250 1.10 0.510 237 Yes 
DLS-41-20b Freeze at -20 °C C 6.10 0.150 0.280 0.800 0.490 254 Yes 
DLS-41+20a Control C 8.70 0.120 0.440 0.00 0.440 186 Yes 
DLS-41+20b Control C 8.60 0.120 0.400 0.00 0.590 179 Yes 
DLS-41+40 Elevated temperature 
of 40 °C 
C 8.10 0.200 0.410 0.00 0.440 206 Yes 
DLS-41+50a Elevated temperature 
of 50 °C 
C 9.40 0.250 0.590 0.00 0.590 224 Yes 
DLS-41+50b Elevated temperature 
of 50 °C 
C 8.40 0.230 0.550 0.00 0.550 227 Yes 
DLS-41+50c Elevated temperature 
of 50 °C 
C 9.30 0.150 0.330 0.00 0.330 176 Yes 
DLS-41+100 Elevated temperature 
of 100 °C 
A 6.20 0.400 0.460 0.00 0.530 279 Yes 
DLS-71-20a Freeze at -20 °C C 9.10 0.130 0.300 0.00 0.430 166 Yes 
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DLS-71-20b Freeze at -20 °C C 8.20 0.0170 0.260 0.00 0.440 178 Yes 
DLS-71+20a Control C 10.7 0.160 0.370 0.00 0.370 173 Yes 
DLS-71+20b Control C 10.0 0.180 0.270 1.05 0.540 162 Yes 
DLS-71+40a Elevated temperature 
of 40 °C 
C 12.1 0.200 0.290 0.00 0.430 152 Yes 
DLS-71+40b Elevated temperature 
of 40 °C 
C 9.70 0.200 0.390 0.00 0.500 186 Yes 
DLS-71+50a Elevated temperature 
of 50 °C 
C 9.80 0.190 0.410 0.800 0.600 175 Yes 
DLS-71+50b Elevated temperature 
of 50 °C 
C 7.90 0.350 0.400 1.90 0.740 233 Yes 
N30-0-1 Control C 5.80 0.0500 0.400 0.00 1.26 142 Yes 
N30-0-2 Control C 6.40 0.100 0.250 0.256 1.51 123 Yes 
T30-17-1 17 freeze-thaw cycles C 9.40 0.0600 0.200 0.00 0.910 79 Yes 
T30-33-1 33 freeze-thaw cycles C 3.02 0.0500 0.380 0.302 0.700 182 Yes 
T30-50-1 50 freeze-thaw cycles C 4.65 0.100 0.160 0.465 0.410 123 Yes 
T30-67-1 67 freeze-thaw cycles C 2.90 0.280 0.280 0.0290 0.360 239 Yes 
T30-67-2 67 freeze-thaw cycles C 1.52 0.210 0.210 0.00 0.210 269 Yes 
S30-17-1 17 freeze-thaw cycles 
in 4% NaCl solution 
C 5.90 0.0200 0.284 0.425 0.688 107 Yes 
S30-17-2 17 freeze-thaw cycles 
in 4% NaCl solution 
C 3.45 0.0200 0.318 1.17 0.675 143 Yes 
S30-33-1 33 freeze-thaw cycles 
in 4% NaCl solution 
C 4.30 0.0100 0.291 0.301 0.792 123 Yes 
S30-33-2 33 freeze-thaw cycles 
in 4% NaCl solution 
C 4.15 0.100 0.139 0.450 0.791 121 Yes 
S30-50-1 50 freeze-thaw cycles 
in 4% NaCl solution 
C 5.10 0.130 0.161 0.265 0.940 119 Yes 
S30-50-2 50 freeze-thaw cycles 
in 4% NaCl solution 
C 1.87 0.100 0.273 0.374 0.558 232 Yes 
N45-0-1 Control C 4.15 0.200 0.410 0.436 1.70 188 Yes 
N45-0-2 Control C 7.35 0.100 0.400 0.00 0.610 132 Yes 
T45-17-1 17 freeze-thaw cycles C 5.53 0.150 0.180 0.774 0.380 130 Yes 
T45-17-2 17 freeze-thaw cycles C 4.50 0.200 0.280 0.00 0.280 168 Yes 
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T45-33-2 33 freeze-thaw cycles C 3.00 0.300 0.300 0.795 0.520 225 Yes 
S45-17-1 17 freeze-thaw cycles 
in 4% NaCl solution 
C 3.15 0.0800 0.343 0.693 0.835 176 Yes 
S45-17-2 17 freeze-thaw cycles 
in 4% NaCl solution 
C 4.80 0.0900 0.232 0.408 0.701 130 Yes 
S45-50-1 50 freeze-thaw cycles 
in 4% NaCl solution 
C 0.860 0.0528 0.0528 0.00 0.0528 184 Yes 
S-R-1 Control C 8.70 0.100 0.210 1.20 1.26 57 Yes 
S-0-0-1 Continuous 
immersion in water 
A 5.60 0.0700 0.350 0.800 1.58 71 Yes 
S-100-0-1 100 freeze-thaw 
cycles 
A 5.00 0.0100 0.440 0.700 0.980 76 Yes 
S-200-0-1 200 freeze-thaw 
cycles 
A 4.60 0.0100 0.460 0.570 0.990 87 Yes 
S-300-0-1 300 freeze-thaw 
cycles 
A 2.73 0.100 0.510 0.630 1.34 134 Yes 
S-0-P-1 Continuous 
immersion in water 
and 25% sustained 
load 
F 8.40 0.0100 0.350 0.800 1.38 57 Yes 
S-100-P-1 100 freeze-thaw 
cycles with 25% 
sustained load 
C, A 3.70 0.0100 0.982 0.00 0.982 141 Yes 
M1.1 Control C 10.0 0.0500 0.120 2.80 0.450 61 Yes 
M1.2 Control C 8.80 0.200 0.200 2.82 0.470 96 Yes 
M2.1 Continuous 
immersion in water 
C, A, 
AF 
14.7 0.150 0.200 2.50 0.720 70 Yes 
M2.2 Continuous 
immersion in water 
A 6.25 0.300 0.300 1.50 0.516 147 Yes 
M3.1 5% NaCl immersion C, A 8.80 0.200 0.250 3.52 0.310 110 Yes 
M3.2 5% NaCl immersion C, A 6.50 0.0500 0.170 4.03 0.380 86 Yes 
M3.3 5% NaCl immersion C, A 15.3 0.200 0.280 0.00 0.655 83 Yes 
M4.1 pH 4.0 H2SO4 
solution 
C, A, 
AF 
7.80 0.250 0.300 2.18 0.450 129 Yes 
M4.2 pH 4.0 H2SO4 
solution 
C, A 10.5 0.100 0.170 1.68 0.350 76 Yes 
M4.3 pH 4.0 H2SO4 
solution 
C, A 6.50 0.0100 0.200 1.95 0.500 75 Yes 
Note:  
a
Specimen ID: Where not provided, a specimen ID has been assigned which indicates test parameters of 
sustained load, temperature, number of cycles, concrete strength or type of epoxy. Samples A-Control to B-Dual 
are reported by Mukhopadhyaya et al. (1998), where A and B denote concrete strength as either 35 MPa or 50 
MPa respectively. Sample E2-Wet50 is reported by Au and Büyüköztürk (2006) and refers to a sample exposed 
to 50 °C in moist conditions. R18A to R12A are from Fava et al. (2007). C-100-C-1 to G-200-SFT-3 are from 
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Tam (2007), with the initial character denoting use of either carbon or glass FRP. DLS-41-20a to DLS-71+50b 
are from Klamer (2009) where the characters in the middle represent either a concrete strength of 41.1 or 70.8 
MPa. N30-0-1 to S45-50-1 are from Yun and Wu (2011). S-R-1 to S-100-P-1 are from Shi et al. (2013) and 
denote use of two different epoxies S and M1.1 to M4.3 are from the present study. 
b
Test conditions: Included are the type of exposure, temperature tested, concentration of solution, duration or 
number of cycles tested. 
c
Failure mode: U = unspecified; C = concrete layer; A = adhesive layer; AP = adhesive/primer interface; AF = 
adhesive/FRP interface; F = FRP rupture. 
 
While the extracted value of Lcrit is less than the experimentally observed 135 mm, a 
comparison with six well-established short-term predictive models (Chen and Teng 2001; 
Yuan et al. 2004; Lu et al. 2005; Seracino et al. 2007; Wu et al. 2009; Wu and Jiang 2013) 
shows that the present method is most accurate in predicting the effective bond length when 
all undeteriorated control samples collected for this study are considered, with a mean of 1.09 
and coefficient of variation 0.393 (Table S3.2). Furthermore, the majority of tested samples 
are outside the bounds of these predictive models. Most commonly, the elastic moduli of the 
bonding adhesive is exceeded (Chen and Teng 2001), the elastic modulus of the FRP is under 
(Lu et al. 2005) or over (Wu and Jiang 2013) the bounds of the model, the FRP layer is too 
thick (Wu and Jiang 2013), it is not applicable to basalt FRP (Chen and Teng 2001; Lu et al. 
2005; Seracino et al. 2007; Wu et al. 2009; Wu and Jiang 2013), the model is specific to only 
cylinder compressive strengths (Seracino et al. 2007; Wu et al. 2009; Wu and Jiang 2013) or 
the model is not formulated considering double shear tests (Seracino et al. 2007; Wu and 
Jiang 2013). A summary of the application of these models may be found in Table S3.3. 
3.4.4 Elongation of effective bond lengths with conditioning 
Effective bond lengths are known to elongate when exposed to aqueous conditions in relation 
to their undeteriorated reference sample (Mukhopadhyaya et al. 1998; Benzarti et al. 2011; 
Kabir et al. 2012; Al-Mahmoud et al. 2014; Hassan et al. 2015). The implication of this is that 
a test designed to assess short-term behavior may no longer capture the full range of bond 
behavior of an equivalent conditioned sample. Specifically, the descending branch of the τ-δ 
relationship, δmax and the load to cause the initiation of debonding cannot be quantified. 
Therefore it is necessary to check whether the effective bond length, Lcrit, extracted using the 
model is still within the bonded length of test specimens. 
 Table 3.5 summarizes only the results for tests where the effective bond length remains 
within the bonded length available after conditioning. For example, samples continually 
immersed in water and elevated temperature by Au and Büyüköztürk (2006) have been 
deemed by the analysis to have effective bond lengths that have increased beyond the 
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experimentally available bonded length of 150 mm, this would mean that only δ1 and τmax 
may be quantified so the sample is omitted from Table 3.5. The complete list of extracted 
bond properties for each of the 165 individual samples collected for this study may be found 
in Table S3.1 and their generated P-δ relationships are available in Figs. S3.2-S3.11. 
3.4.5 Bond characteristic deterioration factors 
Amongst the available tests results there are numerous parameters influencing bond behavior, 
such as the range of the exposure regimes, materials properties and specimen geometries, thus 
an accurate model describing the change in bond characteristics with time or cycles cannot be 
derived from the available dataset. Rather conservative deterioration factors may be proposed 
by grouping numerous exposures types together. The 5
th
 and 95
th
 percentile of a one-tailed 
distribution is proposed to describe the change in bond characteristics with exposure type.  
 The rationale for the statistical analysis may be demonstrated by considering the changes 
to the bond characteristics under the influence of moist conditions. Firstly, data is categorized 
by exposure to water (Shi et al. 2013), a saltwater solution (Mukhopadhyaya et al. 1998; Fava 
et al. 2007), an acid solution or ambient humidity under sustained loading (Tam 2007). Each 
individual sample is then normalized with its respective control sample, to obtain the relative 
change. Thus, the residual maximum bond stress, max.res, the residual slip at maximum bond 
stress 1.res, the residual slip at the initiation of debonding, 1.max and the residual effective 
bond length, Lcrit.res are given by Eq. 3.4, Eq. 3.5, Eq. 3.6 and Eq. 3.7. 
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The frictional component of the idealized τ-δ relationship, τf listed in Table 3.5 varies 
considerably, from one test result to another, having only a marginal influence on bond stress 
(Yuan et al. 2004), so has been omitted from this analysis. Normalizing the data in this 
manner causes left skewness. One method of correcting the data would be to apply a 
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transformation. A log transformation was applied on the available data, however given the 
limited number of results for each environmental condition, it provided little improvement in 
skewness and spread of the datasets. Therefore the data has been left untransformed and the 
major assumption is all data in all groups are normally distributed about their mean. A two-
sample t-test is then performed with each group to determine whether any two groups exhibit 
similar levels of deterioration. Groups with similar levels of degradation are combined as one 
exposure type. In this instance, it is found that all aqueous solutions, that is exposure to water, 
exposure to saltwater containing 5% NaCl at both 22 °C and 50 °C as well as a pH 4.0 
sulfuric acid solution have similar levels of deterioration and may be combined (Table S3.4). 
Whereas, 30% sustained load samples should be analyzed separately as τmax.res and δmax.res are 
highly dissimilar. 
 Potential outliers are identified and removed through the use of the Extreme Studentized 
Deviate (ESD) test (Rosner 1983). Across all exposure conditions and all bond characteristics 
considered for this study, only 6 data points of 240 (considering all values of τmax.res, δ1.res, 
δmax.res and Lcrit.res) are determined to be outliers, 3 of which lie in 30% sustained load 
exposure type (Fig. S3.1). The remaining data is then analyzed to reveal the 5
th
 and 95
th
 
percentiles of bond characteristic deterioration and are summarized in Table 3.6 together with 
the bounds to which the factors may be applied. A 5
th
 percentile deterioration factor is 
assigned to τmax as this is the conservative position. While initial increases of τmax are 
attributable to the effects of concrete strength development, over time it is expected to 
decrease. Likewise a 95
th
 percentile deterioration factors is assigned for δ1.res, δmax.res and 
Lcrit.res, as these generally increase. Due to the limited number of tests, the deterioration factors 
presented here are not intended for use in practical applications, but to gauge expected 
deterioration and aid in the design of future shear bond tests. Additional descriptive statistics 
including the mean and standard deviation are provided in Table S3.5. 
Table 3.6. Bond characteristic deterioration factors 
Environmental exposure 
Normalized bond characteristic 
Bounds 
τmax 𝛿1 𝛿max Lcrit 
5
th
 Percentile 95
th
 Percentile 
Aqueous conditions 0.359 2.33 2.05 1.86 Water and pH 4.0 acid solutions at room 
temperature up to 1,344. Saltwater, 5% 
NaCl, solution up to 6,048 hours 
30% sustained loading 0.147 0.930 0.942 1.11 Loading at room temperature for up to 
1,800 hours 
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Freeze-thaw cycling for 
air-entrained concrete 
0.231 3.78 3.22 2.38 Cycling between -20 °C to 20 °C for up 
to 300 cycles 
Freeze-thaw cycling for 
air-entrained concrete and 
30% sustained load 
0.00 43.6 0.861 3.13 Cycling between -20 °C to 20 °C with 
30% sustained load for up to 300 cycles 
Freeze-thaw cycling for 
normal concrete 
0.186 3.75 1.15 2.14 Cycling between -18 °C to 4 °C for up 
to 67 cycles 
Freeze-thaw cycling in 4% 
NaCl solution for normal 
concrete 
0.161 1.75 1.17 1.20 Cycling between -18 °C to 4 °C in a 4% 
NaCl solution for up to 50 cycles 
Sub-zero temperatures 0.647 1.95 1.06 1.57 Temperature of -20 °C 
Elevated temperatures 0.767 2.30 1.53 1.41 Temperatures of 40 °C and 50 °C 
 
A graphical indication of the influence of these test conditions is possible by superimposing 
degraded τ-δ relationships. Fig. 3.11 displays the deterioration of various environmental 
exposures in reference to the undeteriorated control sample M1.1. Each series represents the 
5
th
 and 95
th
 percentile change in bond characteristics listed in Table 3.6. Fig. 3.11(a) shows 
the effect on bond properties τmax, δ1 and δmax after exposure to aqueous conditions or a 30% 
sustained load. Similarly, the effects of synergistic loading involving freeze-thaw cycling are 
depicted in Fig. 3.11(b). The aforementioned t-tests have shown that separate factors are 
necessary for samples containing concrete substrates with or without air-entrained concrete. A 
previous study had also shown that it is necessary to keep these results separate as samples 
containing air-entrained concrete exhibit better resistance to freeze-thaw effects over short 
periods of freeze-thaw cycling (Aydin et al. 2016). The effect of freeze-thaw cycling in a 4% 
NaCl solution is displayed, however freeze-thaw cycling under a 30% sustained loads cannot 
be displayed as the 5
th
 percentile result of τmax is 0.00.  
 Fig. 3.11(c) depicts the influence of testing at elevated and sub-zero temperatures. 
Changes to bond characteristics across -20 °C and 50 °C exposures refer to test samples 
exposed to these temperatures for a short period followed by testing within 15 minutes of 
removal (Klamer 2009). Temperatures in excess of the glass transition temperature of the 
structural epoxy are not considered given that only a single result can be used for analysis. 
Past this temperature there are dramatic changes in physical properties of the adhesive and 
beyond what is expected in ordinary in-service temperatures.  
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Fig. 3.11. Influence of various environmental conditions on the τ-δ relationship 
 
3.5 Conclusion 
A structural mechanics approach has been used to quantify and predict the change in bond 
properties for degraded FRP-to-concrete joints under a number of environmental conditions. 
Since the reporting of the load-displacement relationship is very limited, an experimental 
investigation was undertaken to determine the extent of degradation under three aqueous 
environments. Samples were continually immersed in water, salt and for the first time, in a 
sulfuric acid solution. The experimental results support the findings from existing work that 
failure shifts from within a thin concrete layer to the adhesive/concrete interface with little or 
no concrete damage and effective bond lengths are increased. Sulfuric acid attack is found to 
be the most detrimental to the bond as determined by loss in overall joint strength, stiffness 
and the extent to which the effective bond length is elongated. 
 A partial interaction numerical method is shown to be able to extract bond properties from 
degraded samples across a number of varying test setups, material properties and geometric 
differences. Given the limited number of test results, an accurate predictive model cannot be 
formulated. Rather, conservative deterioration factors for the change in bond characteristics 
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under a range of environmental conditions are proposed. The factors allow for the design of 
future shear bond tests to accommodate extensions of the effective bond length. Future work 
can further develop these factors for application to a broader range of environmental 
conditions and test durations. 
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3.7 Notation 
The following symbols are used in this paper: 
Ac = concrete prism substrate area in plane of loading; 
Ap = area of equivalent FRP laminate; 
bf = width of FRP composite; 
Bn = bond force at segment n; 
Ea = tensile modulus of adhesive; 
Ef = modulus of elasticity of FRP composite; 
Ep = modulus of elasticity of equivalent laminate; 
f = thickness fraction; 
L = bonded length; 
Lcrit = critical/effective bond length; 
Lcrit.exp = experimentally determined effective bond length; 
Lcrit.res = residual effective bond length; 
Lper = failure plane contact perimeter; 
Ls = length of segments; 
n = segment number; 
P = applied load; 
Pc = force in concrete substrate; 
Pcn = force in concrete substrate at segment n; 
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Pmax = maximum load; 
PpL = force in the plate at the free end;  
Ppn = force in bonded FRP composite at segment n; 
si = slip at position i; 
ta = thickness of the adhesive layer; 
tf 
= thickness of FRP composite; 
tp = equivalent thickness of the FRP laminate; 
δ = slip between FRP and concrete; 
δ’L = slip strain at free end; 
δ’n = slip strain at segment n; 
δ1 
= slip at τmax; 
δ1.res = residual slip at τmax; 
δin = slip at unloading; 
δL = slip at free end; 
δmax 
= slip at initiation of debonding; 
δmax.res = residual slip at initiation of debonding; 
εcn = strain in concrete at segment n; 
εi
 
= local strain at position i; 
εin
 
= strain at unloading; 
εpn = strain in bar at segment n; 
τ
 
= shear bond stress; 
τf = frictional component of τ-δ relationship; 
τmax = maximum bond stress; 
τmax.res = residual maximum bond stress; and 
’1 = change in slip over a segment. 
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3.9 Supplementary figures 
 
Fig. S3.1. Outlier identified using the ESD test and removed from the analysis 
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Fig. S3.2. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Mukhopadhyaya et al. (1998). The title of each plot is the specimen ID, where 
A and B denote the use of concrete strength as either 35 MPa or 50 MPa respectively. 
 
  
  
Fig. S3.3. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Wu et al. (2004). The title of each plot is the specimen ID, where the first 
character O denotes the use of ordinary epoxy adhesives followed by the test temperature 
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Fig. S3.4. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Au and Büyüköztürk (2006). The title of each plot is the specimen ID, where 
E1 and E2 denote two different types of epoxy 
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 10
4
P
b
a
r 
(N
)
delta (mm)
E1-Wet23
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 10
4
P
b
a
r 
(N
)
delta (mm)
E1-Wet50
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
0.5
1
1.5
2
2.5
x 10
4
P
b
a
r 
(N
)
delta (mm)
E2-Dry23
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
0.5
1
1.5
2
2.5
x 10
4
P
b
a
r 
(N
)
delta (mm)
E2-Dry50
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 10
4
P
b
a
r 
(N
)
delta (mm)
E2-Wet23
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
E2-Wet50
 
 
Model
Experiment
τmax: 0.370 MPa 
δ1: 0.780 mm 
δmax: 0.780 mm 
τf: 0.00 MPa 
δin: 0.780 mm 
Lcrit: 354 mm 
εin: 0.0117 
 
τmax: 0.470 MPa 
δ1: 0.600 mm 
δmax: 0.780 mm 
τf: 0.00 MPa 
δin: 0.820 mm 
Lcrit: 298 mm 
εin: 0.0127 
 
τmax: 6.90 MPa 
δ1: 0.320 mm 
δmax: 0.410 mm 
τf: 4.90 MPa 
δin: 0.690 mm 
Lcrit: 181 mm 
εin: 0.0155 
 
τmax: 8.20 MPa 
δ1: 0.150 mm 
δmax: 0.320 mm 
τf: 3.94 MPa 
δin: 0.720 mm 
Lcrit: 119 mm 
εin: 0.0155 
 
τmax: 3.10 MPa 
δ1: 0.910 mm 
δmax: 0.910 mm 
τf: 0.00 MPa 
δin: 0.910 mm 
Lcrit: 419 mm 
εin: 0.0119 
 
τmax: 3.90 MPa 
δ1: 0.400 mm 
δmax: 0.450 mm 
τf: 2.07 MPa 
δin: 0.690 mm 
Lcrit: 251 mm 
εin: 0.0110 
 
 181 
 
  
  
  
Fig. S3.5. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Fava et al. (2007) 
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εin: 0.00487 
 
τmax: 11.0 MPa 
δ1: 0.137 mm 
δmax: 0.137 mm 
τf: 0.00 MPa 
δin: 0.477 mm 
Lcrit: 90 mm 
εin: 0.00610 
 
τmax: 15.2 MPa 
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τf: 1.31 MPa 
δin: 1.82 mm 
Lcrit: 54 mm 
εin: 0.00726 
 
τmax: 6.30 MPa 
δ1: 0.200 mm 
δmax: 0.426 mm 
τf: 0.100 MPa 
δin: 1.49 mm 
Lcrit: 187 mm 
εin: 0.00557 
 
τmax: 9.10 MPa 
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δmax: 0.140 mm 
τf: 0.900 MPa 
δin: 1.10 mm 
Lcrit: 68 mm 
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τmax: 4.90 MPa 
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δmax: 0.294 mm 
τf: 0.880 MPa 
δin: 1.06 mm 
Lcrit: 204 mm 
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Lcrit: 205 mm 
εin: 0.0103 
 
τmax: 4.00 MPa 
δ1: 0.200 mm 
δmax: 0.600 mm 
τf: 0.700 MPa 
δin: 1.66 mm 
Lcrit: 174 mm 
εin: 0.0100 
 
τmax: 10.0 MPa 
δ1: 0.400 mm 
δmax: 0.489 mm 
τf: 0.00 MPa 
δin: 1.59 mm 
Lcrit: 115 mm 
εin: 0.0120 
 
τmax: 9.00 MPa 
δ1: 0.242 mm 
δmax: 0.340 mm 
τf: 0.300 MPa 
δin: 1.41 mm 
Lcrit: 135 mm 
εin: 0.0101 
 
τmax: 5.15 MPa 
δ1: 0.0500 mm 
δmax: 0.400 mm 
τf: 1.18 MPa 
δin: 1.59 mm 
Lcrit: 121 mm 
εin: 0.0109 
 
τmax: 17.5 MPa 
δ1: 0.100 mm 
δmax: 0.192 mm 
τf: 1.28 MPa 
δin: 1.28 mm 
Lcrit: 50 mm 
εin: 0.0109 
 
τmax: 5.00 MPa 
δ1: 0.200 mm 
δmax: 0.355 mm 
τf: 1.20 MPa 
δin: 1.66 mm 
Lcrit: 124 mm 
εin: 0.0111 
 
τmax: 6.08 MPa 
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τf: 1.30 MPa 
δin: 1.98 mm 
Lcrit: 92 mm 
εin: 0.0124 
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τmax: 2.95 MPa 
δ1: 0.600 mm 
δmax: 1.18 mm 
τf: 0.00 MPa 
δin: 1.18 mm 
Lcrit: 267 mm 
εin: 0.00971 
 
τmax: 4.30 MPa 
δ1: 0.0100 mm 
δmax: 1.18 mm 
τf: 0.00 MPa 
δin: 1.22 mm 
Lcrit: 140 mm 
εin: 0.0106 
 
τmax: 6.25 MPa 
δ1: 0.222 mm 
δmax: 0.222 mm 
τf: 1.34 MPa 
δin: 1.68 mm 
Lcrit: 97 mm 
εin: 0.0114 
 
τmax: 4.00 MPa 
δ1: 0.700 mm 
δmax: 0.700 mm 
τf: 0.400 MPa 
δin: 2.62 mm 
Lcrit: 213 mm 
εin: 0.0111 
 
τmax: 6.00 MPa 
δ1: 0.0100 mm 
δmax: 0.770 mm 
τf: 0.00 MPa 
δin: 2.50 mm 
Lcrit: 126 mm 
εin: 0.0101 
 
τmax: 7.50 MPa 
δ1: 0.0100 mm 
δmax: 0.393 mm 
τf: 0.260 MPa 
δin: 2.85 mm 
Lcrit: 88 mm 
εin: 0.00977 
 
τmax: 4.50 MPa 
δ1: 0.300 mm 
δmax: 1.23 mm 
τf: 0.470 MPa 
δin: 3.09 mm 
Lcrit: 231 mm 
εin: 0.0136 
 
τmax: 5.60 MPa 
δ1: 0.200 mm 
δmax: 1.50 mm 
τf: 0.00 MPa 
δin: 2.77 mm 
Lcrit: 197 mm 
εin: 0.0140 
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Fig. S3.6. Generated P-δ relationships superimposed on reported P-δ relationships for samples 
from Tam (2007) 
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τmax: 3.15 MPa 
δ1: 0.0100 mm 
δmax: 1.50 mm 
τf: 0.250 MPa 
δin: 3.01 mm 
Lcrit: 162 mm 
εin: 0.0114 
 
τmax: 11.2 MPa 
δ1: 0.159 mm 
δmax: 1.59 mm 
τf: 1.12 MPa 
δin: 1.56 mm 
Lcrit: 72 mm 
εin: 0.0111 
 
τmax: 12.4 MPa 
δ1: 0.169 mm 
δmax: 0.169 mm 
τf: 1.90 MPa 
δin: 1.15 mm 
Lcrit: 62 mm 
εin: 0.0121 
 
τmax: 14.7 MPa 
δ1: 0.100 mm 
δmax: 0.100 mm 
τf: 1.15 MPa 
δin: 1.45 mm 
Lcrit: 43 mm 
εin: 0.0106 
 
τmax: 5.50 MPa 
δ1: 0.347 mm 
δmax: 0.347 mm 
τf: 0.700 MPa 
δin: 2.65 mm 
Lcrit: 131 mm 
εin: 0.0115 
 
τmax: 14.5 MPa 
δ1: 0.0100 mm 
δmax: 0.299 mm 
τf: 0.820 MPa 
δin: 2.13 mm 
Lcrit: 51 mm 
εin: 0.0129 
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δ1: 0.150 mm 
δmax: 0.250 mm 
τf: 1.10 MPa 
δin: 0.510 mm 
Lcrit: 237 mm 
εin: 0.00208 
 
τmax: 6.10 MPa 
δ1: 0.150 mm 
δmax: 0.280 mm 
τf: 0.800 MPa 
δin: 0.490 mm 
Lcrit: 254 mm 
εin: 0.00184 
 
τmax: 8.70 MPa 
δ1: 0.120 mm 
δmax: 0.440 mm 
τf: 0.00 MPa 
δin: 0.440 mm 
Lcrit: 186 mm 
εin: 0.00238 
 
τmax: 8.60 MPa 
δ1: 0.120 mm 
δmax: 0.400 mm 
τf: 0.00 MPa 
δin: 0.590 mm 
Lcrit: 179 mm 
εin: 0.00227 
 
τmax: 6.20 MPa 
δ1: 0.400 mm 
δmax: 0.490 mm 
τf: 0.00 MPa 
δin: 0.530 mm 
Lcrit: 279 mm 
εin: 0.00228 
 
τmax: 8.10 MPa 
δ1: 0.200 mm 
δmax: 0.410 mm 
τf: 0.00 MPa 
δin: 0.440 mm 
Lcrit: 206 mm 
εin: 0.00231 
 
τmax: 9.40 MPa 
δ1: 0.250 mm 
δmax: 0.590 mm 
τf: 0.00 MPa 
δin: 0.590 mm 
Lcrit: 224 mm 
εin: 0.00295 
 
τmax: 8.40 MPa 
δ1: 0.230 mm 
δmax: 0.550 mm 
τf: 0.00 MPa 
δin: 0.550 mm 
Lcrit: 227 mm 
εin: 0.00269 
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Fig. S3.7. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Klamer (2009). The title of each plot is the specimen ID, where the middle 
characters of the specimen ID represent a concrete strength of 41.1 or 70.8 MPa 
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Fig. S3.8. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Yun and Wu (2011) 
 
  
0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
0.5
1
1.5
2
2.5
x 10
4
P
b
a
r 
(N
)
delta (mm)
S45-17-2
 
 
Model
Experiment
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
S45-33-1
 
 
Model
Experiment
0 0.01 0.02 0.03 0.04 0.05 0.06
0
500
1000
1500
2000
2500
3000
3500
4000
P
b
a
r 
(N
)
delta (mm)
S45-50-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5 3
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 10
4
P
b
a
r 
(N
)
delta (mm)
S-0-0-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5 3
0
0.5
1
1.5
2
2.5
x 10
4
P
b
a
r 
(N
)
delta (mm)
S-R-1
 
 
Model
Experiment
τmax: 4.80 MPa 
δ1: 0.0900 mm 
δmax: 0.232 mm 
τf: 0.408 MPa 
δin: 0.701 mm 
Lcrit: 130 mm 
εin: 0.00463 
 
τmax: 1.58 MPa 
δ1: 0.300 mm 
δmax: 0.630 mm 
τf: 0.00 MPa 
δin: 0.630 mm 
Lcrit: 403 mm 
εin: 0.00386 
 
τmax: 0.860 MPa 
δ1: 0.0528 mm 
δmax: 0.0528 mm 
τf: 0.00 MPa 
δin: 0.0528 mm 
Lcrit: 184 mm 
εin: 0.000899 
 
τmax: 5.60 MPa 
δ1: 0.0700 mm 
δmax: 0.350 mm 
τf: 0.800 MPa 
δin: 1.58 mm 
Lcrit: 81 mm 
εin: 0.0123 
 
τmax: 8.70 MPa 
δ1: 0.100 mm 
δmax: 0.210 mm 
τf: 1.23 MPa 
δin: 1.26 mm 
Lcrit: 57 mm 
εin: 0.0131 
 
 195 
 
  
  
  
  
0 0.5 1 1.5 2 2.5
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
S-100-0-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5
0
2000
4000
6000
8000
10000
12000
14000
16000
P
b
a
r 
(N
)
delta (mm)
S-200-0-1
 
 
Model
Experiment
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
2000
4000
6000
8000
10000
12000
14000
16000
P
b
a
r 
(N
)
delta (mm)
S-300-0-1
 
 
Model
Experiment
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 10
4
P
b
a
r 
(N
)
delta (mm)
S-0-P-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
S-100-P-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
S-200-P-1
 
 
Model
Experiment
0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
2000
4000
6000
8000
10000
12000
14000
16000
P
b
a
r 
(N
)
delta (mm)
S-300-P-1
 
 
Model
Experiment
0 0.5 1 1.5 2 2.5 3
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
b
a
r 
(N
)
delta (mm)
SQ-200-0-1
 
 
Model
Experiment
τmax: 5.00 MPa 
δ1: 0.0100 mm 
δmax: 0.440 mm 
τf: 0.700 MPa 
δin: 0.980 mm 
Lcrit: 76 mm 
εin: 0.0107 
 
τmax: 4.60 MPa 
δ1: 0.0100 mm 
δmax: 0.460 mm 
τf: 0.570 MPa 
δin: 0.990 mm 
Lcrit: 87 mm 
εin: 0.0103 
 
τmax: 2.73 MPa 
δ1: 0.0100 mm 
δmax: 0.510 mm 
τf: 0.630 MPa 
δin: 1.34 mm 
Lcrit: 134 mm 
εin: 0.00999 
 
τmax: 8.40 MPa 
δ1: 0.0100 mm 
δmax: 0.350 mm 
τf: 0.800 MPa 
δin: 1.38 mm 
Lcrit: 57 mm 
εin: 0.0131 
 
τmax: 3.70 MPa 
δ1: 0.0100 mm 
δmax: 0.982 mm 
τf: 0.00 MPa 
δin: 0.982 mm 
Lcrit: 141 mm 
εin: 0.0113 
 
τmax: 2.05 MPa 
δ1: 0.600 mm 
δmax: 1.19 mm 
τf: 0.400 MPa 
δin: 1.71 mm 
Lcrit: 276 mm 
εin: 0.0113 
 
τmax: 2.22 MPa 
δ1: 0.0100 mm 
δmax: 1.26 mm 
τf: 0.00 MPa 
δin: 1.26 mm 
Lcrit: 204 mm 
εin: 0.00996 
 
τmax: 2.26 MPa 
δ1: 0.0100 mm 
δmax: 1.52 mm 
τf: 0.20 MPa 
δin: 2.05 mm 
Lcrit: 240 mm 
εin: 0.0121 
 
 196 
 
 
 
Fig. S3.9. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Shi et al. (2013). The title of each plot is the specimen ID, where S and SQ 
denote the use of two different epoxies 
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τmax: 0.420 MPa 
δ1: 2.67 mm 
δmax: 2.67 mm 
τf: 0.00 MPa 
δin: 2.67 mm 
Lcrit: 1887 mm 
εin: 0.00906 
 
τmax: 0.527 MPa 
δ1: 3.82 mm 
δmax: 3.82 mm 
τf: 0.00 MPa 
δin: 3.82 mm 
Lcrit: 2008 mm 
εin: 0.0121 
 
τmax: 0.490 MPa 
δ1: 3.35 mm 
δmax: 3.35 mm 
τf: 0.00 MPa 
δin: 3.35 mm 
Lcrit: 1975 mm 
εin: 0.0110 
 
τmax: 0.445 MPa 
δ1: 4.38 mm 
δmax: 4.38 mm 
τf: 0.00 MPa 
δin: 4.38 mm 
Lcrit: 2384 mm 
εin: 0.0120 
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Model
Experiment
τmax: 0.430 MPa 
δ1: 3.42 mm 
δmax: 3.42 mm 
τf: 0.00 MPa 
δin: 3.42 mm 
Lcrit: 2118 mm 
εin: 0.0104 
 
τmax: 0.508 MPa 
δ1: 4.69 mm 
δmax: 4.69 mm 
τf: 0.00 MPa 
δin: 4.69 mm 
Lcrit: 2325 mm 
εin: 0.0132 
 
τmax: 0.365 MPa 
δ1: 5.58 mm 
δmax: 5.58 mm 
τf: 0.00 MPa 
δin: 5.58 mm 
Lcrit: 2926 mm 
εin: 0.0122 
 
τmax: 0.196 MPa 
δ1: 6.00 mm 
δmax: 6.00 mm 
τf: 0.00 MPa 
δin: 6.00 mm 
Lcrit: 4175 mm 
εin: 0.00928 
 
τmax: 0.470 MPa 
δ1: 2.99 mm 
δmax: 2.99 mm 
τf: 0.00 MPa 
δin: 2.99 mm 
Lcrit: 1933 mm 
εin: 0.0101 
 
τmax: 0.420 MPa 
δ1: 4.36 mm 
δmax: 4.36 mm 
τf: 0.00 MPa 
δin: 4.36 mm 
Lcrit: 2407 mm 
εin: 0.0116 
 
τmax: 0.570 MPa 
δ1: 2.72 mm 
δmax: 2.72 mm 
τf: 0.00 MPa 
δin: 2.72 mm 
Lcrit: 1685 mm 
εin: 0.0107 
 
τmax: 0.335 MPa 
δ1: 3.86 mm 
δmax: 3.86 mm 
τf: 0.00 MPa 
δin: 3.86 mm 
Lcrit: 2588 mm 
εin: 0.00973 
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Model
Experiment
τmax: 0.360 MPa 
δ1: 3.08 mm 
δmax: 3.08 mm 
τf: 0.00 MPa 
δin: 3.08 mm 
Lcrit: 2200 mm 
εin: 0.00901 
 
τmax: 0.276 MPa 
δ1: 4.78 mm 
δmax: 4.78 mm 
τf: 0.00 MPa 
δin: 4.78 mm 
Lcrit: 3141 mm 
εin: 0.00984 
 
τmax: 0.410 MPa 
δ1: 2.86 mm 
δmax: 2.86 mm 
τf: 0.00 MPa 
δin: 2.86 mm 
Lcrit: 2017 mm 
εin: 0.00927 
 
τmax: 0.421 MPa 
δ1: 4.53 mm 
δmax: 4.53 mm 
τf: 0.00 MPa 
δin: 4.53 mm 
Lcrit: 2462 mm 
εin: 0.0118 
 
τmax: 0.410 MPa 
δ1: 2.85 mm 
δmax: 2.85 mm 
τf: 0.00 MPa 
δin: 2.85 mm 
Lcrit: 1988 mm 
εin: 0.00925 
 
τmax: 0.415 MPa 
δ1: 4.53 mm 
δmax: 4.53 mm 
τf: 0.00 MPa 
δin: 4.53 mm 
Lcrit: 2510 mm 
εin: 0.0117 
 
τmax: 0.530 MPa 
δ1: 2.77 mm 
δmax: 2.77 mm 
τf: 0.00 MPa 
δin: 2.77 mm 
Lcrit: 1716 mm 
εin: 0.0104 
 
τmax: 0.400 MPa 
δ1: 3.92 mm 
δmax: 3.92 mm 
τf: 0.00 MPa 
δin: 3.92 mm 
Lcrit: 2376 mm 
εin: 0.0107 
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Fig. S3.10. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from Al-Tamini et al. (2014) 
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Model
Experiment
τmax: 0.557 MPa 
δ1: 5.60 mm 
δmax: 5.60 mm 
τf: 0.00 MPa 
δin: 5.60 mm 
Lcrit: 2393 mm 
εin: 0.0151 
 
τmax: 0.485 MPa 
δ1: 6.39 mm 
δmax: 6.39 mm 
τf: 0.00 MPa 
δin: 6.39 mm 
Lcrit: 2725 mm 
εin: 0.0151 
 
τmax: 0.395 MPa 
δ1: 4.49 mm 
δmax: 4.49 mm 
τf: 0.00 MPa 
δin: 4.49 mm 
Lcrit: 2544 mm 
εin: 0.0114 
 
τmax: 0.320 MPa 
δ1: 6.04 mm 
δmax: 6.04 mm 
τf: 0.00 MPa 
δin: 6.04 mm 
Lcrit: 3314 mm 
εin: 0.0119 
 
τmax: 10.0 MPa 
δ1: 0.0500 mm 
δmax: 0.120 mm 
τf: 2.80 MPa 
δin: 0.45 mm 
Lcrit: 61 mm 
εin: 0.00212 
 
τmax: 8.80 MPa 
δ1: 0.200 mm 
δmax: 0.200 mm 
τf: 2.82 MPa 
δin: 0.47 mm 
Lcrit: 96 mm 
εin: 0.00228 
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Model
Experiment
τmax: 14.7 MPa 
δ1: 0.150 mm 
δmax: 0.200 mm 
τf: 2.50 MPa 
δin: 0.72 mm 
Lcrit: 70 mm 
εin: 0.00286 
 
τmax: 6.25 MPa 
δ1: 0.300 mm 
δmax: 0.300 mm 
τf: 1.50 MPa 
δin: 0.516 mm 
Lcrit: 147 mm 
εin: 0.00207 
 
τmax: 8.80 MPa 
δ1: 0.200 mm 
δmax: 0.250 mm 
τf: 3.52 MPa 
δin: 0.310 mm 
Lcrit: 110 mm 
εin: 0.00214 
 
τmax: 6.50 MPa 
δ1: 0.05 mm 
δmax: 0.170 mm 
τf: 4.03 MPa 
δin: 0.380 mm 
Lcrit: 86 mm 
εin: 0.00215 
 
τmax: 15.3 MPa 
δ1: 0.200 mm 
δmax: 0.280 mm 
τf: 0.00 MPa 
δin: 0.655 mm 
Lcrit: 83 mm 
εin: 0.00272 
 
τmax: 7.80 MPa 
δ1: 0.250 mm 
δmax: 0.300 mm 
τf: 2.18 MPa 
δin: 0.450 mm 
Lcrit: 129 mm 
εin: 0.00231 
 
τmax: 10.5 MPa 
δ1: 0.100 mm 
δmax: 0.170 mm 
τf: 1.68 MPa 
δin: 0.350 mm 
Lcrit: 76 mm 
εin: 0.00195 
 
τmax: 6.50 MPa 
δ1: 0.0100 mm 
δmax: 0.200 mm 
τf: 1.95 MPa 
δin: 0.500 mm 
Lcrit: 75 mm 
εin: 0.00195 
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Fig. S3.11. Generated P-δ relationships superimposed on reported P-δ relationships for 
samples from the present study 
 
3.10 Supplementary tables 
 
Table S3.1. Summary of extracted bond properties of all samples 
Specimen ID
a
 Test condition
b
 
Failure 
layer
c
 τmax δ1 δmax τf δin Lcrit 
L > 
Lcrit 
A-Control Control C 5.80 0.186 0.186 0.00 0.186 154 Yes 
A-WDsalt 18 wet-dry cycles in 
5% salt solution 
C, A 6.05 0.178 0.178 0.00 0.178 146 Yes 
A-FT 18 freeze-thaw cycles  C, A 6.50 0.166 0.166 0.00 0.166 135 Yes 
A-Dual 18 freeze-thaw cycles 
in 5% salt solution 
A 4.80 0.228 0.228 0.00 0.228 186 Yes 
B-Control Control C 6.90 0.157 0.157 0.00 0.157 128 Yes 
B-WDsalt 18 wet-dry cycles in 
5% salt solution 
C, A 4.65 0.231 0.231 0.00 0.231 191 Yes 
B-FT 18 freeze-thaw cycles  C, A 10.2 0.109 0.109 0.00 0.109 88 Yes 
B-Dual 18 freeze-thaw cycles 
in 5% salt solution 
A 5.45 0.201 0.201 0.00 0.201 163 Yes 
O-26 Elevated temperature 
of 26 °C 
C, AP 1.30 1.30 2.91 0.00 2.91 743 No 
O-30 Elevated temperature 
of 30 °C 
C, AP 1.08 0.800 2.44 0.00 2.44 702 No 
O-40 Elevated temperature 
of 40 °C 
AP 0.640 0.550 1.86 0.00 1.86 789 No 
O-50 Elevated temperature 
of 50 °C 
AP 0.508 0.600 0.92 0.0152 1.33 737 No 
E1-Dry23 Control A 4.30 0.400 0.400 0.00 0.400 240 No 
E1-Dry50 Elevated temperature 
of 50 °C 
C, A 4.60 0.600 0.680 0.00 0.680 291 No 
E1-Wet23 Continuous immersion 
in water 
A 3.70 0.780 0.780 0.00 0.780 354 No 
E1-Wet50 Continually immersed 
in water at an elevated 
temperature of 50 °C 
A 4.70 0.600 0.780 0.00 0.820 298 No 
E2-Dry23 Control A 6.90 0.320 0.410 4.89 0.690 181 No 
E2-Dry50 Elevated temperature 
of 50 °C 
A 8.20 0.150 0.320 3.94 0.720 119 Yes 
E2-Wet23 Continuous immersion 
in water 
A 3.10 0.910 0.910 0.00 0.910 419 No 
E2-Wet50 Elevated temperature 
of 50 °C and 
continuous immersion 
in water 
A 3.90 0.400 0.450 2.07 0.690 251 No 
R18A Control U 4.50 0.100 0.260 0.00 0.670 276 Yes 
R18B Control U 5.10 0.0100 0.164 0.612 0.400 159 Yes 
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R15A 133 freeze-thaw cycles U 2.01 0.200 0.560 0.00 0.560 594 No 
R15B 133 freeze-thaw cycles U 3.00 0.150 0.300 0.00 0.490 387 Yes 
R12A Salt fog 5% NaCl U 3.89 0.0700 0.470 0.467 0.788 354 Yes 
R12B Salt fog 5% NaCl U 2.18 0.600 0.774 0.00 0.780 769 No 
C-100-C-1 Control C 2.01 0.0400 1.32 0.00 1.32 427 No 
C-100-C-2 Control C 4.10 0.0100 0.960 0.00 0.960 245 No 
C-100-C-3 Control C 3.51 0.250 0.910 0.00 0.910 338 No 
C-100-FT-1 300 freeze-thaw cycles C 2.20 1.00 1.00 0.00 1.00 574 No 
C-100-FT-2 300 freeze-thaw cycles C 4.50 0.100 0.664 0.00 2.42 230 No 
C-100-FT-3 300 freeze-thaw cycles C 3.73 0.0500 0.702 0.00 1.06 241 No 
C-100-S-1 30% sustained load C 1.55 0.400 1.85 0.00 1.85 731 No 
C-100-S-2 30% sustained load C 2.72 0.0100 1.23 0.00 1.23 354 No 
C-100-S-3 30% sustained load C 3.1 0.0100 0.845 0.00 0.845 280 No 
C-100-SF-1 300 freeze-thaw cycles 
with 30% sustained 
load 
C 11.0 0.137 0.137 3.00 0.477 90 Yes 
C-100-SF-2 300 freeze-thaw cycles 
with 30% sustained 
load 
C 15.2 0.0827 0.0827 1.15 1.21 58 Yes 
C-100-SF-3 300 freeze-thaw cycles 
with 30% sustained 
load 
C 2.60 0.850 0.936 0.00 0.936 497 No 
C-200-C-1 Control C 7.00 0.0500 0.247 0.280 1.95 242 No 
C-200-C-2 Control C 8.50 0.0500 0.180 0.550 1.44 93 Yes 
C-200-C-3 Control C 12.5 0.0100 0.110 0.550 0.991 53 Yes 
C-200-FT-1 300 freeze-thaw cycles C 3.90 0.300 0.367 1.1 0.935 254 No 
C-200-FT-2 300 freeze-thaw cycles C 9.10 0.110 0.110 0.920 2.53 97 Yes 
C-200-FT-3 300 freeze-thaw cycles C 11.0 0.0100 0.110 1.31 1.82 54 Yes 
C-200-S-1 30% sustained load C 6.30 0.200 0.426 0.100 1.49 187 Yes 
C-200-S-3 30% sustained load C 9.10 0.0100 0.140 0.900 1.09 68 Yes 
C-200-SFT-1 300 freeze-thaw cycles 
with 30% sustained 
load 
C 14.0 0.0500 0.105 0.980 1.72 60 Yes 
C-200-SFT-2 300 freeze-thaw cycles 
with 30% sustained 
load 
C 1.65 1.99 1.99 0.00 1.99 952 No 
C-200-SFT-3 300 freeze-thaw cycles 
with 30% sustained 
load 
C 6.3 0.200 0.426 0.100 1.49 187 Yes 
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G-100-C-1 Control C 4.00 0.100 1.15 0.00 1.15 205 No 
G-100-C-2 Control C 4.00 0.200 0.600 0.700 1.66 174 No 
G-100-C-3 Control C 10.0 0.400 0.486 0.00 1.59 115 No 
G-100-FT-1 300 freeze-thaw cycles C 9.00 0.242 0.340 0.300 1.41 135 No 
G-100-FT-2 300 freeze-thaw cycles C 5.15 0.0500 0.400 1.18 1.59 121 No 
G-100-S-1 30% sustained load C 17.5 0.100 0.192 0.320 1.28 50 Yes 
G-100-S-2 30% sustained load C 5.00 0.200 0.355 1.20 1.66 124 No 
G-100-S-3 30% sustained load C 6.08 0.0500 0.348 1.30 1.98 92 Yes 
G-100-SFT-1 300 freeze-thaw cycles 
with 30% sustained 
load 
C 2.95 0.600 1.18 0.00 1.18 267 No 
G-100-SFT-2 300 freeze-thaw cycles 
with 30% sustained 
load 
C 4.30 0.0100 1.18 0.00 1.22 140 No 
G-100-SFT-3 300 freeze-thaw cycles 
with 30% sustained 
load 
C 6.25 0.222 0.222 1.34 1.68 97 Yes 
G-200-C-1 Control C 4.00 0.700 0.700 0.400 2.62 213 No 
G-200-C-2 Control C 6.00 0.0100 0.770 0.00 2.50 126 Yes 
G-200-C-3 Control C 7.50 0.0100 0.393 0.260 2.85 88 Yes 
G-200-FT-1 300 freeze-thaw cycles C 4.50 0.300 1.23 0.470 3.09 231 No 
G-200-FT-2 300 freeze-thaw cycles C 5.60 0.200 1.50 0.00 2.77 197 Yes 
G-200-FT-3 300 freeze-thaw cycles C 3.15 0.0100 1.50 0.250 3.01 162 Yes 
G-200-S-1 30% sustained load C 11.2 0.159 0.159 1.12 1.56 77 Yes 
G-200-S-2 30% sustained load C 12.4 0.169 0.169 1.90 1.15 62 Yes 
G-200-S-3 30% sustained load C 14.7 0.100 0.100 1.15 1.45 43 Yes 
G-200-SFT-1 300 freeze-thaw cycles 
with 30% sustained 
load 
C 5.50 0.347 0.347 0.700 2.65 131 Yes 
G-200-SFT-3 300 freeze-thaw cycles 
with 30% sustained 
load 
C 14.5 0.0100 0.299 0.820 2.13 51 Yes 
DLS-41-20a Freeze at -20 °C C 7.50 0.150 0.250 1.10 0.510 237 Yes 
DLS-41-20b Freeze at -20 °C C 6.10 0.150 0.280 0.800 0.490 254 Yes 
DLS-41+20a Control C 8.70 0.120 0.440 0.00 0.440 186 Yes 
DLS-41+20b Control C 8.60 0.120 0.400 0.00 0.590 179 Yes 
DLS-41+40 Elevated temperature 
of 40 °C 
C 8.10 0.200 0.410 0.00 0.440 206 Yes 
DLS-41+50a Elevated temperature 
of 50 °C 
C 9.40 0.250 0.590 0.00 0.590 224 Yes 
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DLS-41+50b Elevated temperature 
of 50 °C 
C 8.40 0.230 0.550 0.00 0.550 227 Yes 
DLS-41+50c Elevated temperature 
of 50 °C 
C 9.30 0.150 0.330 0.00 0.330 176 Yes 
DLS-41+70a Elevated temperature 
of 70 °C 
A 6.20 0.550 0.770 0.00 0.770 344 No 
DLS-41+70b Elevated temperature 
of 70 °C 
A 4.50 0.800 0.890 0.00 0.970 463 No 
DLS-41+80 Elevated temperature 
of 80 °C 
A 5.40 0.600 0.720 0.00 0.820 373 No 
DLS-41+100 Elevated temperature 
of 100 °C 
A 6.20 0.400 0.460 0.00 0.530 279 Yes 
DLS-71-20a Freeze at -20 °C C 9.10 0.130 0.300 0.00 0.430 166 Yes 
DLS-71-20b Freeze at -20 °C C 8.20 0.0170 0.260 0.00 0.440 178 Yes 
DLS-71+20a Control C 10.7 0.160 0.370 0.00 0.370 173 Yes 
DLS-71+20b Control C 10.0 0.180 0.270 1.05 0.540 162 Yes 
DLS-71+40a Elevated temperature 
of 40 °C 
C 12.1 0.200 0.290 0.00 0.430 152 Yes 
DLS-71+40b Elevated temperature 
of 40 °C 
C 9.70 0.200 0.390 0.00 0.500 186 Yes 
DLS-71+50a Elevated temperature 
of 50 °C 
C 9.80 0.190 0.410 0.800 0.600 175 Yes 
DLS-71+50b Elevated temperature 
of 50 °C 
C 7.90 0.350 0.400 1.90 0.740 233 Yes 
DLS-71+70a Elevated temperature 
of 70 °C 
A 5.15 0.300 0.490 0.00 0.490 307 No 
DLS-71+70b Elevated temperature 
of 70 °C 
A 4.13 0.500 0.620 0.00 0.620 392 No 
DLS-71+90 Elevated temperature 
of 90 °C 
A 2.90 0.540 0.540 0.00 0.540 466 No 
N30-0-1 Control C 5.80 0.0500 0.400 0.00 1.26 142 Yes 
N30-0-2 Control C 6.40 0.100 0.250 0.256 1.51 123 Yes 
T30-17-1 17 freeze-thaw cycles C 9.40 0.0600 0.200 0.00 0.910 79 Yes 
T30-33-1 33freeze-thaw cycles C 3.02 0.0500 0.380 0.302 0.700 182 Yes 
T30-50-1 50 freeze-thaw cycles C 4.65 0.100 0.160 0.465 0.410 123 Yes 
T30-67-1 67 freeze-thaw cycles C 2.90 0.280 0.280 0.0290 0.360 239 Yes 
T30-67-2 67 freeze-thaw cycles C 1.52 0.210 0.210 0.00 0.210 269 Yes 
S30-17-1 17 freeze-thaw cycles 
in 4% NaCl solution 
C 5.90 0.0200 0.284 0.425 0.688 107 Yes 
S30-17-2 17 freeze-thaw cycles 
in 4% NaCl solution 
C 3.45 0.0200 0.318 1.17 0.675 143 Yes 
S30-33-1 33 freeze-thaw cycles 
in 4% NaCl solution 
C 4.30 0.0100 0.291 0.301 0.792 123 Yes 
S30-33-2 33 freeze-thaw cycles 
in 4% NaCl solution 
C 4.15 0.100 0.139 0.450 0.791 121 Yes 
S30-50-1 50 freeze-thaw cycles 
in 4% NaCl solution 
C 5.10 0.130 0.161 0.265 0.940 119 Yes 
S30-50-2 50 freeze-thaw cycles 
in 4% NaCl solution 
C 1.87 0.100 0.273 0.374 0.558 232 Yes 
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N45-0-1 Control C 4.15 0.200 0.410 0.436 1.70 188 Yes 
N45-0-2 Control C 7.35 0.100 0.400 0.00 0.610 132 Yes 
T45-17-1 17 freeze-thaw cycles C 5.53 0.150 0.180 0.774 0.380 130 Yes 
T45-17-2 17 freeze-thaw cycles C 4.50 0.200 0.280 0.00 0.280 168 Yes 
T45-33-1 33 freeze-thaw cycles C 2.02 0.310 0.380 0.00 0.380 301 No 
T45-33-2 33 freeze-thaw cycles C 3.00 0.300 0.300 0.795 0.520 225 Yes 
T45-50-1 50 freeze-thaw cycles C 1.61 0.400 0.470 0.00 0.470 383 No 
T45-50-2 50 freeze-thaw cycles C 1.71 0.350 0.410 0.00 0.410 338 No 
S45-17-1 17 freeze-thaw cycles 
in 4% NaCl solution 
C 3.15 0.0800 0.343 0.693 0.835 176 Yes 
S45-17-2 17 freeze-thaw cycles 
in 4% NaCl solution 
C 4.80 0.0900 0.232 0.408 0.701 130 Yes 
S45-33-1 33 freeze-thaw cycles 
in 4% NaCl solution 
C 1.58 0.300 0.630 0.00 0.630 403 No 
S45-50-1 50 freeze-thaw cycles 
in 4% NaCl solution 
C 0.860 0.0528 0.0528 0.00 0.0528 184 Yes 
S-R-1 Control C 8.70 0.100 0.210 1.20 1.26 57 Yes 
S-0-0-1 Continuous immersion 
in water 
A 5.60 0.0700 0.350 0.800 1.58 71 Yes 
S-100-0-1 100 freeze-thaw cycles A 5.00 0.0100 0.440 0.700 0.980 76 Yes 
S-200-0-1 200 freeze-thaw cycles A 4.60 0.0100 0.460 0.570 0.990 87 Yes 
S-300-0-1 300 freeze-thaw cycles A 2.73 0.100 0.510 0.630 1.34 134 Yes 
S-0-P-1 Continuous immersion 
in water and 25% 
sustained load 
F 8.40 0.0100 0.350 0.800 1.38 57 Yes 
S-100-P-1 100 freeze-thaw cycles 
with 25% sustained 
load 
C, A 3.70 0.0100 0.982 0.00 0.982 141 Yes 
S-200-P-1 200 freeze-thaw cycles 
with 25% sustained 
load 
C, A 2.05 0.60 1.19 0.400 1.71 276 No 
S-300-P-1 300 freeze-thaw cycles 
with 25% sustained 
load 
A 2.22 0.0100 1.26 0.00 1.26 204 No 
SQ-200-0-1 200 freeze-thaw cycles A 2.26 0.100 1.52 0.200 2.05 240 No 
SQ-200-P-1 200 freeze-thaw cycles 
with 25% sustained 
load 
C, A 2.20 0.200 1.63 0.00 1.66 270 No 
Cured-3kN-1 15% sustained load, 50 
°C cured adhesive 
U 0.420 2.67 2.67 0.00 2.67 1887 No 
Cured-3kN-2 15% sustained load, 50 
°C cured adhesive 
U 0.527 3.82 3.82 0.00 3.82 2008 No 
Cured-3kN-
Salt-1 
15% sustained load, 50 
°C cured adhesive, sun 
and 5% NaCl exposure 
C 0.490 3.35 3.35 0.00 3.35 1975 No 
Cured-3kN-
Salt-2 
15% sustained load, 50 
°C cured adhesive, sun 
and 5% NaCl exposure 
C 0.445 4.38 4.38 0.00 4.38 2384 No 
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Cured-3kN-
Sun-1 
15% sustained load, 50 
°C cured adhesive, sun 
exposure 
C 0.470 2.99 2.99 0.00 2.99 1933 No 
Cured-3kN-
Sun-2 
15% sustained load, 50 
°C cured adhesive, sun 
exposure 
C 0.420 4.36 4.36 0.00 4.36 2407 No 
Cured-5kN-1 25% sustained load, 50 
°C cured adhesive 
U 0.570 2.72 2.72 0.00 2.72 1685 No 
Cured-5kN-2 25% sustained load, 50 
°C cured adhesive 
U 0.335 3.86 3.86 0.00 3.86 2588 No 
Cured-5kN-
Salt-1 
25% sustained load, 50 
°C cured adhesive, sun 
and 5% NaCl exposure 
C 0.430 3.42 3.42 0.00 3.42 2118 No 
Cured-5kN-
Salt-2 
25% sustained load, 50 
°C cured adhesive, sun 
and 5% NaCl exposure 
C 0.508 4.69 4.69 0.00 4.69 2325 No 
Cured-5kN-
Sun-1 
25% sustained load, 50 
°C cured adhesive, sun 
exposure 
C 0.365 5.58 5.58 0.00 5.58 2926 No 
Cured-5kN-
Sun-2 
25% sustained load, 50 
°C cured adhesive, sun 
exposure 
C 0.196 6.00 6.00 0.00 6.00 4175 No 
Uncured-3kN-
1 
15% sustained load U 0.360 3.08 3.08 0.00 3.08 2200 No 
Uncured-3kN-
2 
15% sustained load U 0.276 4.78 4.78 0.00 4.78 3141 No 
Uncured-3kN-
Salt-1 
15% sustained load, 
sun and 5% NaCl 
exposure 
C 0.410 2.86 2.86 0.00 2.86 2017 No 
Uncured-3kN-
Salt-2 
15% sustained load, 
sun and 5% NaCl 
exposure 
C 0.421 4.53 4.53 0.00 4.53 2462 No 
Uncured-3kN-
Sun-1 
15% sustained load, 
sun exposure 
C 0.410 2.85 2.85 0.00 2.85 1988 No 
Uncured-3kN-
Sun-2 
15% sustained load, 
sun exposure 
C 0.415 4.53 4.53 0.00 4.53 2510 No 
Uncured-5kN-
1 
25% sustained load U 0.530 2.77 2.77 0.00 2.77 1716 No 
Uncured-5kN-
2 
25% sustained load U 0.40 3.92 3.92 0.00 3.92 2376 No 
Uncured-5kN-
Salt-1 
25% sustained load, 
sun and 5% NaCl 
exposure 
C 0.557 5.60 5.60 0.00 5.60 2393 No 
Uncured-5kN-
Salt-2 
25% sustained load, 
sun and 5% NaCl 
exposure 
C 0.485 6.39 6.39 0.00 6.39 2725 No 
Uncured-5kN-
Sun-1 
25% sustained load, 
sun exposure 
C 0.395 4.49 4.49 0.00 4.49 2544 No 
Uncured-5kN-
Sun-2 
25% sustained load, 
sun exposure 
C 0.320 6.04 6.04 0.00 6.04 3314 No 
M1.1 Control C 10.0 0.0500 0.120 2.80 0.450 61 Yes 
M1.2 Control C 8.80 0.200 0.200 2.82 0.470 96 Yes 
M2.1 Continuous immersion 
in water 
C, A, 
AF 
14.7 0.150 0.200 2.50 0.720 70 Yes 
M2.2 Continuous immersion 
in water 
A 6.25 0.300 0.300 1.50 0.516 147 Yes 
M3.1 5% NaCl immersion C, A 8.80 0.200 0.250 3.52 0.310 110 Yes 
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M3.2 5% NaCl immersion C, A 6.50 0.0500 0.170 4.03 0.380 86 Yes 
M3.3 5% NaCl immersion C, A 15.3 0.200 0.280 0.00 0.655 83 Yes 
M4.1 pH 4.0 H2SO4 solution C, A, 
AF 
7.80 0.250 0.300 2.18 0.450 129 Yes 
M4.2 pH 4.0 H2SO4 solution C, A 10.5 0.100 0.170 1.68 0.350 76 Yes 
M4.3 pH 4.0 H2SO4 solution C, A 6.50 0.0100 0.200 1.95 0.500 75 Yes 
Note:  
a
Specimen ID: Where not provided, a specimen ID has been assigned which includes test parameters of 
sustained load, temperature, number of cycles, concrete strength or type of epoxy. Samples A-Control to B-Dual 
are reported by Mukhopadhyaya et al. (1998), where A and B denote concrete strength as either 35 MPa or 50 
MPa respectively. Samples O-26 to O-50 are from Wu et al. (2004) where O is the use of ordinary epoxy 
adhesive. Samples E1-Dry23 to E2-Wet50 are reported by Au and Büyüköztürk (2006) where E1 and E2 are two 
different types of epoxy. R18A to R12B are from Fava et al. (2007). C-100-C-1 to G-200-SFT-3 are from Tam 
(2007), with the initial character denoting use of either carbon or glass FRP. DLS-41-20a to DLS-71+90 are 
from Klamer (2009) where notation in the middle represents either a concrete strength of 41.1 or 70.8 MPa. N30-
0-1 to S45-50-1 are from Yun and Wu (2011). S-R-1 to SQ-200-P-1 are from Shi et al. (2013) and denote use of 
two different epoxies S and SQ. Cured-3kN-1 to Uncured-5kN-Sun-2 are from Al-Tamimi et al. (2014) and 
M1.1 to M4.3 are from the present study. 
b
Test conditions: Included are the type of exposure, temperature tested, concentration of solution, longest 
duration or number of cycles tested. 
c
Failure mode: U = unspecified; C = concrete layer; A = adhesive layer; AP = adhesive/primer interface; AF = 
adhesive/FRP interface; F = FRP rupture. 
 
Table S3.2. Statistics describing the accuracy of existing models in predicting the effective 
bond length 
Model
a
 
Effective bond length Lcrit.exp/Lcrit.pred
b
 
Mean SD COV 
Partial interaction 1.09 0.429 0.393 
Chen and Teng (2001) 1.43 0.594 0.415 
Yuan et al. (2004) 1.92 1.22 0.633 
Lu et al. (2005) 1.12 0.484 0.433 
Seracino et al. (2007) 2.30 1.29 0.558 
Wu et al. (2009) 1.42 0.63 0.443 
Note:  
a
Model: Models have been applied to all available control samples, including those with parameters outside the 
bounds of the respective models.  
b
Effective bond length: The experimentally obtained effective bond length, Lcrit.exp, is identified as the point 
where strain readings approach zero from the loaded end. The predicted effective bond length for each model is 
Lcrit.pred.
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Table S3.3. Predictions of bond characteristics of control samples 
 Prediction of bond characteristicsb 
Sample IDa Chen and Teng (2001) Yuan et al. (2004) Lu et al. (2005) Seracino et al. (2007) Wu et al. (2009) Wu and Jiang (2013) 
 Pu Lcrit L > 
Lcrit? 
Pu τmax Lcrit L > 
Lcrit? 
Pu τmax Lcrit L > 
Lcrit? 
δ1 δmax Pu τmax Lcrit L > 
Lcrit? 
δmax Pu Lcrit L > 
Lcrit? 
Pu τmax 
A-Control 17.3 100 Yes 39.5 13.3 - - 16.9 3.86 143 Yes 0.0502 0.325 23.1 6.78 68 Yes 0.113 26.5 111 Yes 28.0 2.92 
 (Outside bounds of Ef) 
 
    (Outside bounds of Ef) 
 
(Outside bounds of φf) 
 
(Outside bounds of tf, Ef) 
 
(Outside bounds of ta 
and DLS) 
 
B-Control 18.9 92 Yes 39.5 15.7 - - 17.7 4.69 133 Yes 0.0610 0.325 26.0 8.39 61 Yes 0.113 27.4 107 Yes 29.3 3.17 
 (Outside bounds of Ef) 
 
    (Outside bounds of Ef) 
 
(Outside bounds of φf) 
 
(Outside bounds of tf, Ef) 
 
Outside bounds of ta 
and DLS) 
 
O-26 - - - 25.3 3.04 284 Yes - - - - - - - - - - - - - - - - 
 (Unreported fcm) 
 
    (Unreported fcm) 
 
(Unreported fcm) 
 
(Unreported fcm) 
 
(Unreported fcm) 
 
E1-Dry23 9.13 142 Yes 13.7 4.19 - - 13.5 4.83 228 No 0.0628 0.452 13.3 6.07 165 Yes 0.214 12.9 179 No 15.5 4.95 
 (Adhesive layer 
failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer 
failure) 
 
E2-Dry23 9.07 141 Yes 22.9 6.79 267 Yes 13.5 4.83 228 No 0.0628 0.452 13.3 6.07 165 Yes 0.214 12.9 179 No 15.5 4.95 
 (Adhesive layer 
failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer failure) 
 
(Adhesive layer 
failure) 
 
R18A 44.5 300 Yes 34.7 3.40 345 Yes 48.3 5.65 370 No 0.0734 0.452 41.1 7.18 168 Yes 0.152 58.9 314 Yes 56.4 5.50 
 (Outside bounds of Ea) 
 
    (Outside bounds of Ef) 
 
(Outside bounds of Ef) 
 
   (Outside bounds of 
Ef) 
 
R18B 44.5 300 Yes 28.9 3.75 216 Yes 48.3 5.65 370 No 0.0734 0.452 41.1 7.18 168 Yes 0.152 58.9 314 Yes 56.4 5.50 
 (Outside bounds of Ea) 
 
    (Outside bounds of Ef) 
 
(Outside bounds of Ef) 
 
   (Outside bounds of 
Ef) 
 
C-100-C-1 8.26 105 Yes 7.99 1.08 404 No 8.88 6.03 130 No 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.56 103 No 10.4 5.77 
              (DLS test setup) 
 
   (DLS test setup) 
 
C-100-C-2 8.26 105 Yes 9.65 2.17 239 No 8.88 6.03 130 No 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.56 103 No 10.4 5.77 
              (DLS test setup) 
 
   (DLS test setup) 
 
C-100-C-3 8.26 105 Yes 9.16 2.06 286 No 8.88 6.03 130 No 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.56 103 No 10.4 5.77 
              (DLS test setup) 
 
   (DLS test setup) 
 
C-200-C-1 8.26 105 Yes 6.73 4.10 101 Yes 8.88 6.03 130 Yes 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.90 103 Yes 10.4 5.77 
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              (DLS test setup) 
 
   (DLS test setup) 
 
C-200-C-2 8.26 105 Yes 6.31 7.14 60 Yes 8.88 6.03 130 Yes 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.90 103 Yes 10.4 5.77 
              (DLS test setup) 
 
   (DLS test setup) 
 
C-200-C-3 8.26 105 Yes 5.82 6.51 51 Yes 8.88 6.03 130 Yes 0.0784 0.453 9.36 7.71 68 Yes 0.214 9.90 103 Yes 10.4 5.77 
              (DLS test setup) 
 
   (DLS test setup) 
 
G-100-C-1 5.65 72 Yes 6.67 1.84 207 No 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 48 Yes 0.214 6.57 68 Yes 7.1 5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
G-100-C-2 5.65 72 Yes 6.51 1.21 315 No 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 46 Yes 0.214 6.57 68 Yes 7.1 5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
G-100-C-3 5.65 72 Yes 7.86 1.84 271 No 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 46 Yes 0.214 6.57 68 Yes 7.1 5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
G-200-C-1 5.65 72 Yes 6.14 2.46 206 No 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 46 Yes 0.214 6.57 68 Yes 7.1 5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
G-200-C-2 5.65 72 Yes 6.59 2.65 133 Yes 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 46 Yes 0.214 6.57 68 Yes 7.1 5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
G-200-C-3 5.65 72 Yes 5.34 3.44 84 Yes 6.08 6.03 89 Yes 0.0784 0.453 6.41 7.71 46 Yes 0.214 6.57 68 Yes 7.1 
 
5.77 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
   (DLS test setup) 
 
DLS-41+20a 27.0 176 Yes 23.6 2.58 294 Yes 29.1 5.85 218 Yes 0.0761 0.452 25.0 7.47 147 Yes 0.152 33.9 178 Yes 34.1 5.64 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
DLS-41+20b 27.0 176 Yes 22.4 2.56 285 Yes 29.1 5.85 218 Yes 0.0761 0.452 25.0 7.47 147 Yes 0.152 33.9 178 Yes 34.1 5.64 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
DLS-71+20a 30.8 154 Yes 24.6 3.34 255 Yes 31.3 7.89 197 Yes 0.103 0.45 29.9 10.3 125 Yes 0.152 35.8 170 Yes 34.1 5.64 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
DLS-71+20b 30.8 154 Yes 20.8 4.02 206 Yes 31.3 7.89 197 Yes 0.103 0.45 29.9 10.3 125 Yes 0.152 35.8 170 Yes 34.1 5.64 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
N30-0-1 11.7 80 Yes 23.7 9.39 72 Yes 18.0 5.52 99 Yes 0.0717 0.452 10.7 7.00 45 Yes 0.152 14.0 75 Yes 14.8 5.41 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
N30-0-2 11.7 80 Yes 21.1 18.3 39 Yes 18.0 5.52 99 Yes 0.0717 0.452 10.7 7.00 45 Yes 0.152 14.0 75 Yes 14.8 5.41 
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 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
N45-0-1 12.5 75 Yes 22.3 12.5 64 Yes 18.7 6.4 94 Yes 0.08 0.452 10.7 8.26 41 Yes 0.152 14.4 73 Yes 15.7 6.01 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
N45-0-2 12.5 75 Yes 27.4 19.1 45 Yes 18.7 6.4 94 Yes 0.08 0.452 10.7 8.26 41 Yes 0.152 14.4 73 Yes 15.7 6.01 
 (Outside bounds of Ea) 
 
          (DLS test setup) 
 
(Cylinder strength required) 
 
(DLS test setup) 
 
S-R-1 6.22 44 Yes 13.4 28.8 17 Yes 6.14 5.56 54 Yes 0.0723 0.411 6.49 7.84 24 Yes 0.152 7.04 40 Yes 8.06 4.93 
 (Not applicable to 
BFRP) 
 
 
 
   (Not applicable to BFRP) 
 
(DLS test setup) 
 
(Not applicable to BFRP) 
 
(DLS test setup) 
 
Uncured-3kN-1 22.6 167 Yes 19.8 0.273 - - 20.3 5.39 209 No 0.0700 0.373 26.6 8.40 138 Yes 0.152 28.5 201 No 29.6 4.26 
 (Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
Uncured-3kN-2 22.6 
 
167 Yes 21.5 0.207 - - 20.3 5.39 209 No 0.0700 0.373 26.6 8.40 138 Yes 0.152 28.5 201 No 29.6 4.26 
 (Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
(Sustained load) 
 
M1.1 29.3 204 Yes 18.4 4.17 149 Yes 32.1 5.44 250 No 0.0707 0.452 26.9 6.9 231 Yes 0.15 36.9 236 No 37.2 
ta exceeded 
5.37 
 (Outside bounds of Ea) 
 
                  (Outside bounds of 
ta) 
 
M1.2 28.8 201 Yes 21.8 3.76 239 No 31.5 5.44 247 No 0.0707 0.452 26.4 6.9 234 Yes 0.15 37.0 231 No 36.6 5.37 
 (Outside bounds of Ea) 
 
                  (Outside bounds of 
ta) 
 
Note:  
a
Specimen ID: Where not provided, a specimen ID has been assigned which includes test parameters of sustained load, temperature, number of cycles, concrete strength or 
type of epoxy. Samples A-Control and B-Control are from Mukhopadhyaya et al. (1998). Sample O-26 is from Wu et al. (2004). Samples E1-Dry23 to E2-Dry50 are reported 
by Au and Büyüköztürk (2006) where E1 and E2 are two different types of epoxy. R18A and R18B are from Fava et al. (2007). C-100-C-1 to G-200-C-3 are from Tam 
(2007), with the initial character denoting use of either carbon or glass FRP. DLS-41+20a to DLS+71+20b are from Klamer (2009) where the middle characters represent 
either a concrete strength of 41.1 or 70.8 MPa. N30-0-1 to N45-0-2 are from Yun and Wu (2011). S-R-1 is from Shi et al. (2013). Uncured-3kN-1 and Uncured-3kN-2 are 
from Al-Tamimi et al. (2014) and M1.1 and M1.2 are from the present study. 
b
Prediction of bond characteristics: Text within brackets identifies the parameter that falls outside the bounds of the predictive models or an inapplicable test type.  
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Table S3.4. Results of two-sample t-test for various exposures 
Environmental exposures 
Significance level 
Significant difference (p < 0.05)? 
τmax 𝛿1 𝛿max Lcrit 
p-value 
Water exposure in comparison 5% 
NaCl solution at 20 °C 
0.922 0.711 0.370 0.587 No, the two groups can be combined 
Water exposure in comparison to 
5% NaCl solution at both 20 °C 
and 50 °C 
0.966 0.510 0.522 0.738 No, the two groups can be combined 
Water exposure in comparison to 
pH 4.0 acid exposure 
0.829 0.564 0.550 0.618 No, the two groups can be combined 
All wet exposures in comparison to 
30% sustained load 
0.118 0.750 0.173 0.578 No, however p-values of τmax and 𝛿max 
are relatively low. Therefore separate 
wet exposures and 30% sustained 
loading 
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Table S3.5. Additional statistics of bond deterioration factors 
Environmental exposure 
Normalized bond characteristic 
Bounds 
τmax 𝛿1 𝛿max Lcrit 
5
th
 Percentile 
Mean 
SD 
95
th
 Percentile 
Mean 
SD 
Aqueous conditions 0.359 
0.946 
0.327 
2.33 
1.16 
0.650 
2.05 
1.47 
0.324 
1.86 
1.28 
0.320 
Water and pH 4.0 acid solutions at room 
temperature up to 1,344. Saltwater, 5% 
NaCl, solution up to 6,048 hours 
30% sustained loading 0.147 
1.64 
0.702 
0.930 
0.513 
0.177 
0.942 
0.368 
0.244 
1.11 
0.658 
0.194 
Loading at room temperature for up to 
1,800 hours 
Freeze-thaw cycling for 
air-entrained concrete 
0.231 
0.657 
0.225 
3.78 
1.28 
1.29 
3.22 
1.85 
0.720 
2.38 
1.55 
0.438 
Cycling between -20 °C to 20 °C for up 
to 300 cycles 
Freeze-thaw cycling for 
air-entrained concrete and 
30% sustained load 
0.00 
1.22 
0.596 
43.6 
11.0 
13.9 
0.861 
0.612 
0.085 
3.13 
1.27 
0.791 
Cycling between -20 °C to 20 °C with 
30% sustained load up to 300 cycles 
Freeze-thaw cycling for 
normal concrete 
0.186 
0.607 
0.222 
3.75 
1.84 
1.01 
1.15 
0.721 
0.226 
2.14 
1.34 
0.419 
Cycling between -18 °C to 4 °C for up 
to 67 cycles 
Freeze-thaw cycling in 4% 
NaCl solution for normal 
concrete 
0.161 
0.621 
0.248 
1.75 
0.728 
0.550 
1.17 
0.673 
0.266 
1.20 
0.961 
0.123 
Cycling between -18 °C to 4 °C in a 4% 
NaCl solution for up to 50 cycles 
Sub-zero temperatures 0.647 
0.811 
0.0700 
1.95 
0.841 
0.472 
1.06 
0.753 
0.132 
1.57 
1.19 
0.165 
Temperature of -20 °C 
Elevated temperatures 0.767 
0.985 
0.115 
2.30 
1.56 
0.395 
1.53 
1.14 
0.207 
1.41 
1.13 
0.148 
Temperature between 40 °C and 50 °C 
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4 A partial-interaction approach for extracting 
FRP-to-concrete bond characteristics from 
environmentally loaded flexural tests 
The work associated with this chapter has been submitted for publication. 
 
This work can be cited as: Aydin, H, Gravina, RJ & Visintin, P 2017, ‘A partial-interaction 
approach for extracting FRP-to-concrete bond characteristics from environmentally loaded 
flexural tests’, Manuscript submitted for publication. The version presented in this thesis is 
after initial peer review. Chapter numbers are included in figure and table captions for 
coherence. 
Synopsis 
Chapter 2 and 3 showed that bond characteristics change with environmental exposure in 
shear bond tests. In this chapter, a displacement-based moment-rotation approach for IC 
debonding in FRP-strengthened flexural members is adapted into a numerical solution to 
predict the implications of bond deterioration on member behaviour. Significantly, the model 
is able to relate the formation and widening of flexural cracks to the slip at the steel-to-
concrete and FRP-to-concrete interface using partial-interaction theory. Thus the model 
allows for any changes at any bond interface to be simulated and is shown to accurately 
predict the load-deflection behaviour of FRP-strengthened beams in published literature 
simply by varying the bond characteristics at the FRP-to-concrete interface. Hence a new 
methodology for extracting bond characteristics from flexural tests is presented. The 
methodology is applied to a set of test results of degraded FRP-strengthened flexural 
members and the extracted bond properties are compared with those identified in Chapter 3. 
Finally, the implications of bond deterioration on the flexural strength and ductility of plated 
members are presented.  
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Abstract 
Bonding fibre-reinforced polymers (FRP) to reinforced concrete (RC) members has become a 
popular means for enhancing load-carrying capacity and extending service life. However, the 
long-term durability of flexurally strengthened members remains uncertain. In this paper, a 
numerical solution to a previously developed partial-interaction (PI) moment-rotation 
approach for intermediate crack (IC) debonding in FRP-strengthened RC flexural members is 
applied to a set of test results in published literature to extract bond characteristics. This is 
significant in four respects: (1) the model is based on fundamental PI theory, which directly 
simulates the formation and widening of cracks associated with the tension-stiffening 
mechanism, and explicitly allows for any changes at bond interfaces due to environmental 
loading or corrosion of the steel reinforcement. (2) The model also simulates the mechanism 
of compressive concrete softening should it occur prior to the complete debonding of FRP 
laminates. (3) Changes to local bond characteristics due to environmental loading can be 
quantified by matching the experimental load-deflection response, thereby enabling the 
extraction of FRP-to-concrete bond characteristics from deteriorated members. (4) The 
approach can be applied to a wide range of flexural test data, so as to broaden the bounds of 
bond-slip models, which are otherwise limited to the bounds of shear bond tests. Using the 
approach, a set of bond characteristic deterioration factors, derived from full-range load-
deflection responses of environmental loaded flexural members, indicate that bond 
deterioration at the FRP-to-concrete interface generally compromises the ductility and 
strength of flexural members. 
Keywords: 
Laminates, debonding, environmental degradation, numerical analysis, reinforced concrete 
4.1 Introduction 
Durability is an increasingly important issue for FRP-strengthened RC flexural members. 
Conventional RC flexural members are designed to fail by concrete crushing following 
yielding of the reinforcement thereby ensuring member ductility. However, RC members 
strengthened by adhesively bonding FRP to tension faces are susceptible to brittle debonding 
failures which may severely limit the effectiveness of the strengthening system [1, 2]. To 
prevent debonding failure, current design guidelines impose a limiting FRP strain [3, 4] 
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which may prevent the most efficient use of high performance FRP materials [5]. This 
limiting strain is a function of the debonding resistance derived from FRP-to-concrete shear 
bond tests [6-10], which are designed to isolate the conditions that lead to intermediate-crack 
(IC) debonding in FRP-strengthened flexural members. However, environmental loading can 
cause changes to the bond [11] and less is known about the implications of this bond 
deterioration on member behaviour. Therefore, a new approach that relates the slip, or partial-
interaction (PI), between the concrete and the FRP with the widening of flexural cracks, is 
needed to allow for any changes at the FRP-to-concrete bond interface to be simulated and 
resulting full-range member behaviour to be predicted. 
 In this paper, it is shown how a displacement based PI moment-rotation approach 
previously proposed by Oehlers et al. [5, 12] can be adapted to assess the implications of 
environmental loading on the flexural response of FRP-strengthened RC members. The 
approach uses PI mechanics [13] to simulate the load-slip response of the FRP plate relative 
to the concrete from the formation of the first flexural crack until IC debonding. Following 
the commencement of IC debonding, the unbonded plate is considered to act in a similar 
manner to an unbonded prestressing tendon in a prestressed beam. Within this debonded 
length, the FRP plate exerts a force equal to the IC debonding resistance on the unplated 
beam. The beam can therefore be loaded beyond the initiation of IC debonding and 
compressive concrete softening can be simulated should it occur prior to the complete 
debonding of the FRP plate. Importantly, the approach is generic in that it can be adapted for 
any material and bond characteristics, thereby allowing for changes at any bond interface, 
such as due to steel reinforcement corrosion [14], time-dependent effects such as creep and 
shrinkage [15], and effects of environmental loading, the focus of this study, to be 
accommodated in the analysis. 
 Uncertainty surrounding the effects of environmental loading on the durability of FRP-
strengthened systems has prompted widespread shear bond testing under a range of 
aggressive environmental conditions over the past 20 years. A previous study by the authors 
[16], analysed a comprehensive database of shear bond test results and identified that the 
durability of adhesively bonded joints is governed by a shift in failure mode from concrete 
layer to interplanar layer failure between the bonding adhesive and concrete, rather than the 
type of fibre, strengthening scheme, surface preparation method, or differences in 
conditioning regimes. The bond behaviour is further complicated by changes to the 
mechanical properties of constituent materials with environmental loading, particularly in 
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elongating the effective bond length of a bonded joint [17-21], often to an extent where a 
shear bond test may fail to capture the full-range of bond behaviour [11]. Despite the wide 
range of tests available, only indications of changes to bond strength are possible since 
limited reporting of the load-slip relationship has hindered efforts to formulate bond-slip 
models [11]. Only recently have degraded bond-slips models have been developed for 
samples subjected to elevated temperatures [22-24], but these require regressed parameters 
derived from the distribution of strain along bonded lengths and the input of thermal 
coefficients. 
 Furthermore, while bond-slip models, derived solely from shear bond tests, are effective 
in isolating mode II (in-plane shear) fracture behaviours that initiate IC debonding in flexural 
members [25, 26], they are limited to the bounds of the tests from which they are derived. In 
Section 4.3.2, it will be shown that if the range of flexural beam tests gathered for the study 
are simplified to shear bond tests of equivalent geometry, parameters are often outside the 
bonds of short-term bond-slip models. Often the plated width available in shear bond tests is 
exceeded [6, 27-29], the concrete compressive strengths are below the range considered [27], 
or the modulus of elasticity of the FRP is much smaller [29]. Whereas the present numerical 
solution will be shown to be able to extract bond characteristics from flexural tests that have 
failed either by IC debonding or IC debonding followed by concrete softening with good 
accuracy. Bond properties are varied until the generated load-deflection response mirrors the 
experimental load-deflection response, and therefore is an inverse analysis to determine bond 
characteristics at the FRP-to-concrete interface. The IC debonding failure mode is regarded to 
be predominantly controlled by interfacial shear stresses between FRP and concrete [2, 30, 
31], and therefore the influence of any normal stresses are considered indirectly in the 
approach by matching the beam’s full flexural response. Hence the numerical solution serves 
not only as a design tool for determining the necessary plated lengths for optimising flexural 
performance of FRP-strengthening systems, but also a research tool for improving the bounds 
of bond models which is especially needed for assessing the durability of the bond. 
 This paper first presents the mechanics governing the approach, and then applies the 
developed numerical solution to extract bond characteristics from a set of undeteriorated 
flexural tests which have been reported to fail by IC debonding. The extracted properties are 
validated with existing bond-slip models, and finally, the numerical model is applied to 
environmentally loaded flexural members to present the implications of FRP-to-concrete 
bond deterioration on flexural strength and ductility. 
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4.2 Moment-rotation analysis of a segment 
4.2.1 Accommodating cracking 
The formation of flexure or flexure-shear cracks causes disturbed or partial-interaction (PI) 
regions to develop [32]. In these regions, the relative displacement, or slip, of the FRP and 
steel reinforcement, occurring as a result of cracks intercepting the FRP or steel 
reinforcement induces a stress that can be quantified using the mechanics of partial-
interaction [13]. The segmental moment-rotation approach, shown in Fig. 4.1, uses PI theory 
to quantify tension-stiffening behaviour and thus determine the formation and spacing of 
cracks [15, 33-35]. 
 Consider a segment of a beam within the constant moment region and between two 
primary cracks, of length Scr in Fig. 4.1(a) with a cross section shown in Fig. 4.1(b). A 
moment, M greater than the moment to cause tensile cracking is applied and an Euler-
Bernoulli displacement is imposed, rotating each side of the symmetrically loaded segment 
by θ from the baseline A-A to B-B, so the length of a single side of the segment is Scr/2. The 
deformation profile, B-B over the half-segment due to the rotation θ, in Fig. 4.1(c) can be 
divided by the deformation length, Ldef to give the strain profile in Fig. 4.1(d) and equivalent 
curvature, χ extending only to the neutral axis depth, dNA. Prior to cracking, the strain profile 
in Fig. 4.1(d) would extend to the level of the steel reinforcement and FRP plate. The 
resulting strain causes a distribution of stress in the concrete above the neutral axis in Fig. 
4.1(e), a function of the material constitutive relation of concrete and hence the internal force 
due to concrete, Pconc in Fig. 4.1(f) may be determined. 
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Fig. 4.1. Segmental multiple crack analysis 
 
Below the neutral axis, however, traditional Euler-Bernoulli linear strain profiles that assume 
full-interaction are no longer valid, rather there is partial-interaction between the steel 
reinforcement and FRP plate relative to the concrete. The analysis is displacement-based such 
that the displacement profile, B-B in Fig. 4.1(c) allows for the accommodation of the slip at 
the level of the steel and FRP plate due to cracking. As the half-segment in Fig. 4.1(c) rotates, 
a tensile force is induced in the steel reinforcement, Prt which is a function of the relative slip, 
δrt between the bar and the crack face and controlled by the material bond characteristics 
between the steel and concrete. Likewise the slip at the level of the FRP laminate, δp induces 
a force, Pp in the FRP plate controlled by the material bond characteristics between FRP and 
concrete. The full-range load-slip, P-δ relationships at each interface are quantified using 
partial interaction theory [13]. The multiple crack segmental analysis assumes constant 
moment between primary cracks, therefore loads at both ends of the FRP and steel are equal 
and there is a full-interaction boundary of zero slip halfway through the segment [34]. The 
interfacial shear stress distributions for the FRP-to-concrete bond are therefore anti-
symmetrical, allowing for loads to increase substantially as debonding propagates [36] so as 
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to determine the full-range M-θ relationship of the bonded segment. For each iteration of 
increasing rotation, the deformation at the extreme compressive face of the half-segment, δtop 
is varied, to shift the neutral axis depth, until the equilibrium of internal forces in Fig. 4.1(f) 
is achieved and the corresponding moment determined. The analysis is generic in that it can 
be adapted for any material properties and any bond properties at any interface, for example 
corrosion at the steel-to-concrete interface [14] or time-dependent effect of creep and 
shrinkage [15]. 
4.2.2 Mechanics of partial-interaction 
Partial-interaction theory is used to quantify the spacing of flexural cracks, Scr and the forces 
Prt and Pp in Fig. 4.1. First, to determine the crack spacing, Scr consider the cross sectional 
area of concrete in the tension-stiffening prism of depth 2c and width b/2 in Fig. 4.1(b) 
around the steel reinforcing bars with cross sectional perimeter, Lper. The area of the concrete 
surrounding the bar is considered to be twice the cover [37]. With segment rotations, the 
tension-stiffening prism in Fig. 4.2(a) is concentrically loaded and divided into two regions, a 
partial-interaction and full-interaction region based on the distribution of slip at the crack face 
in Fig. 4.2(b). 
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Fig. 4.2. Partial-interaction tension-stiffening mechanism 
 
The partial interaction numerical procedure for both steel-to-concrete and FRP-to-concrete 
interfaces for a single crack are performed simultaneously to quantify the distribution of bar 
and plate strain εrt-sc and εp-sc in Fig. 4.2(c). For simplicity a uniform slip is assumed between 
the FRP, steel and concrete prism. The corresponding strains on the concrete prism, εc-rt and 
εc-p, are depicted in Fig. 4.2(d). The slip at the level of the steel bar, δrt-sc is incremented until 
the total strain in the concrete prism, εct-total, a superimposition of εc-rt and εc-p coincides with 
the cracking strain of concrete, εct.max where a linear elastic stress-strain relation is assumed 
for concrete under tension. The strain hardening behaviour of reinforcing steel is idealized as 
elastic-plastic and the FRP as linear-elastic. The distribution of εc-p over the infinitely long 
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prism in Fig. 4.2(a) is dependent on the effective bond length, Lcrit which is quantified using 
partial-interaction theory and applicable for any given material and bond characteristics [13]. 
Then the crack spacing for the FRP-strengthened member is Scr, opposed to the crack 
spacing, Scr-rt of the reinforcing bar alone. As the slip needed to reach the εct.max occurs over a 
shorter length, the crack spacing of plated members will be less than that of the unplated 
members. By symmetry, the distributions of slip at the steel-to-concrete and FRP-to-concrete 
interfaces due to multiple cracks are respectively δrt-mc and δp-mc and are depicted in Fig. 
4.2(e). The slips, δrt-mc and δp-mc correspond to the slip at the level of the bar and plate due to 
the deformation profile B-B in Fig. 4.1(c). The boundary condition shifts midway between 
the two primary cracks shown in Fig. 4.2(f) and the force in the bar and plate are respectively, 
Prt-mc and Pp-mc. 
 The contribution of the FRP to the spacing of cracks is especially important for 
determining the crack spacing of deteriorated beams since the bond characteristics of the 
FRP-to-concrete interface are known to change with environmental loading [11]. All beam 
tests collected in the present study have been fabricated specifically for testing under 
accelerated environmental conditions. In practice, an RC beam requiring FRP strengthening 
may have substantial loading history and be pre-cracked, in which case the formation of 
primary cracks will be caused by the deformation of the steel reinforcing bar alone. The 
rotation in Fig. 4.1(a) is incremented, and the procedure repeated, until the force in the 
bonded plate is equal to the IC debonding resistance of the bonded plate, this is the local limit 
to debonding. 
4.2.3 After debonding 
The member passive prestress debonding mechanism and global limit to IC debonding first 
described by Oehlers et al.[5] is illustrated in Fig. 4.3. The moment distribution of a simply 
supported beam subject to four-point bending is illustrated in Fig. 4.3(a). The moment to 
initiate IC debonding in the plate is MIC, here the FRP plate starts to debond at the point of 
maximum moment shown in Fig. 4.3(b), where the concentration of rotation is the highest 
and the slip at the crack face is δmax. At the commencement of IC debonding, the force in the 
FRP plate is the IC debonding resistance, PIC. The FRP plate is considered completely 
detached from the RC member, over a debonded length of Ldb and as such, over this region, it 
is considered to no longer act as external reinforcement, but rather as unbonded prestressing 
tendon that exerts a force PIC over a length Ldb to an unplated RC member shown in Fig. 
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4.3(c). As the applied moment is increased to M1, it is simply a matter of finding the 
debonded length Ldb such that displacement compatibility exists between the unbonded FRP 
plate and the soffit of the RC beam. 
 
Fig. 4.3. Member passive prestress debonding mechanism 
 
An unbonded segmental analysis is able to relate the moment and the strain at the extreme 
tensile face of the partially prestressed RC member to quantify Ldb. For the distribution of 
moment along the length of the beam there will be a corresponding distribution of soffit 
strain εRC, which is determined using the equivalent curvature, χ of the passively prestressed 
RC segment. Integrating this soffit strain provides the distribution of beam deformation in 
Eq. 4.1: 
 db
db-RC RC
0
L
dL    (4.1) 
The distribution of plate deformation is equal to the slip to initiate IC debonding, δmax-p plus 
the deformation that occurs with the material extension of the partially prestressed tendon 
over the debonded length Ldb given by Eq. 4.2: 
  (4.2) 
the intercept of the distribution of plate deformation, δdb-p and distribution of the RC beam 
soffit deformation, δdb-RC in Fig. 4.3(c) is the point of stability, referred herein as the stable 
db-p max-p IC dbL   
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point. At stable points, the deformation of the plate, after the initiation of debonding, can be 
accommodated by the deformation of the RC beam. For the segment of the beam to which the 
FRP is debonded, a partially prestressed segmental analysis is performed as shown in Fig. 
4.4. Beyond the stable point, the plate remains bonded and follows the multiple crack 
segmental analysis in Fig. 4.1. 
 
Fig. 4.4. Passively prestressed RC segment 
 
A rotation, θ is imposed over the half-crack spacing in the passively prestressed segmental 
analysis in Fig. 4.4 to rotate each side from A-A to B-B. Now that the FRP plate is 
considered as an external tendon, a constant passive prestress force of PIC is applied to either 
side of the segment at the level of the plate, and moments are taken about the level of the 
plate to produce the full-range M-θ, of maximum moment Mu-pp, for the unbonded segment in 
Fig. 4.5(a) to which the equivalent curvature is shown in Fig. 4.5(b). Note that moments are 
taken about the bottom fibre at the level of the external tendon and an inverse rotation is 
induced due to the compressive force PIC. 
 
Fig. 4.5. Moment-rotation of passively prestressed RC segment 
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4.2.4 Stable and unstable IC debonding 
Consider the half-beam loaded under four-points in Fig. 4.6(b). IC debonding has initiated at 
the point of maximum moment of the moment distribution, MIC in Fig. 4.6(a). The analysis 
follows the unbonded partially prestressed segment described in Fig. 4.4. The deformation δdb 
of the plate is constant while deformation of the partially prestressed RC beam depends on 
the distribution of moment, which has already been described. There are three scenarios that 
determine the location of the stable point: (1) The RC beam fully accommodates the 
deformation of the RC plate along its length after MIC, and debonds only a length, Lcrit-mc, 
which is the effective bond length of the bonded laminate. (2) Debonding propagates along 
the length of the beam, forming unstable and stable regions. (3) The RC beam cannot 
accommodate the deformation of the plate, and debonding propagates the entire bonded 
length. 
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Fig. 4.6. Stable and unstable debonding 
 
To demonstrate the first scenario, consider the moment distribution M1, the moment 
distribution immediately following MIC. An integration of the strains at the tension face, of 
the beam, due to M1, gives the variation in beam deformation, δdb-RC over the length of the 
member. As there is no intercept with the plate deformation δdb-p shown in Fig. 4.6(c), the 
beam can accommodate the plate deformation and is able to reach a maximum moment 
greater than MIC. The distribution of the equivalent curvature, given as χ = θ/Ldef in Fig. 
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4.5(b), follows the M-θ relationship from the bonded segmental analysis in Fig. 4.1. As the 
local limit for IC debonding has been reached, the FRP laminate is debonded a length Lcrit-mc 
from the midspan. The rotation distribution over Lcrit-mc will be governed by the M-θ 
relationship for the partially prestressed segment Fig. 4.5(a). 
 Next consider the second scenario, where the deformation of the RC member is derived 
from the soffit strain induced by the increased moment distributions of M2 and M3. The 
deformation in the beam is respectively δRC2 and δRC3, both of which intercept the 
deformation of the plate to divide the length of the RC beam into regions of stable and 
unstable debonding in Fig. 4.6(d). Under a moment distribution of M3 the stable point moves 
closer to the supports and the length of unstable debonding is increased. The distribution of 
curvature is thus divided into a bonded analysis over the length of stable debonding, and an 
unbonded analysis over the unbonded length, with the unbonded curvature over the unstable 
length shown as a dashed line in Fig. 4.6(e). The result is a step change in the distribution of 
equivalent curvature over the length of the beam as shown in Fig. 4.6(e). 
 In the third scenario, the moment distribution is increased to M4 shown in Fig. 4.6(a) and 
the RC beam deformation is δRC4 in Fig. 4.6(c). The stable point is searched, however as the 
RC beam deformation does not reach the plate deformation δdb-p over the plated length of the 
beam, it can no longer accommodate the deformation of the plate, debonding is unstable and 
propagates along the entire bonded length of the beam to failure. Since the approach is 
displacement based, that is, it allows for tension-stiffening through the mechanics of partial-
interaction and concrete softening due to wedge sliding, changes to flexural rigidities along 
the beams length are incorporated into the M-θ relationship for bonded and unbonded 
segments [15, 34, 35, 38]. To obtain the equivalent curvature shown in Fig. 4.10(b), it is 
simply a matter of dividing the segment rotation by half of the primary crack spacing. 
Considering each of the three scenarios at every load level, and applying the moment-area 
theorem, the beam deflection is derived. 
4.2.5 Ductile failure by concrete softening 
The mechanics described above allows for the quantification of stable points beyond MIC and 
thus can be used to determine adequate plated lengths to increase the strength of plated 
beams, the rotation capacity and hence ductility by allowing for a concrete softening hinge to 
develop. The relationship between the moment over an unbonded segment and the strain in 
the RC beam at the level of the FRP plate shown in Fig. 4.7, the stress-strain behaviour of 
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concrete in compression is shown as an inset. At point A, the moment to cause IC debonding, 
MIC corresponds to the strain in the RC beam, εRC-IC at the level of the FRP plate. Point B 
demonstrates the moment corresponding to the peak of the ascending branch of the stress-
strain relationship of concrete, Masc where the strain at the soffit of the RC beam is εRC-asc. 
The moment corresponding to the softening branch of the σc-εc relationship is Mdes, where the 
strain is εRC-des. 
 
Fig. 4.7. M/ɛRC of passively prestressed RC segment 
 
There is little difference between Mdes and Masc, however the corresponding soffit strain εRC-
des is significantly greater than the εRC-asc due to the gradient σc/εc of the descending branch 
for concrete in compression. This means that δdb-RC, which is an integration of the soffit 
strain, is significantly greater for εRC-des, and thus much longer plated lengths are required to 
achieve stable debonding and allow more rotation. Consider again the loaded beam shown in 
Fig. 4.6(b); the effect of concrete softening on RC beam soffit deformation as the moment is 
increased from Masc to Mdes, is depicted in Fig. 4.8. The deformation at the soffit of the RC 
beam resulting from the application of the moment Masc, prior to softening is δRC-asc, which 
intersects the deformation of the plate δdb-p at Ldb-asc. After the onset of concrete softening, a 
maximum moment of Mdes is reached, the deformation of the RC beam is now δRC-des, which 
is much greater than δRC-asc, shifting the stable point to a position Ldb-des. The difference 
between the RC beam deformations prior to and after concrete softening is Δδdb. 
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Fig. 4.8. RC beam soffit deformation with concrete softening hinge 
 
The length to which there is a concentration of curvature resulting from concrete softening is 
Lwdg and obtained from shear-friction theory [39], where for normal concrete, Lwdg can be 
taken as the larger of the half-segment length Ldef and horizontal length of a 26° inclination 
from the neutral axis. The mechanics of the approach are further detailed in Oehlers et al. [5]. 
Beam deflection is derived by applying the moment-area theorem. 
4.3 Predicting load-deflection behaviour and extracting bond 
characteristics 
4.3.1 Experimental data 
A numerical model based on the mechanics described is now used to present a new 
methodology for extracting FRP-to-concrete bond characteristics from flexural beam tests. 
First, to demonstrate the ability of the approach to predict member behaviour, the load-
deflection response of six FRP-strengthened flexural members in published literature will be 
matched, all of which have not undergone environmental loading and have failed by either IC 
debonding or IC debonding followed by concrete crushing. Samples are considered to fail by 
IC debonding only if specifically reported to or described to have debonding initiate at 
flexural cracks within the constant moment region and propagate toward the supports. 
Extracted bond characteristics are then compared to existing bond-slip models without 
environmental conditioning, once validated, the model is applied to environmentally loaded 
flexural members in Section 4.4. 
 In addition to the failure mode, there are a number of criteria that must be met for 
extracting bond characteristics from flexural tests: 
 The full-range load-midspan deflection response must be reported; 
 Concrete beams or slabs must be reinforced with steel bars and not wire mesh; 
 Specimens are loaded monotonically to failure; 
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 Beams must be plated longitudinally and not be u-wrapped for shear strengthening 
about the length of the beam as this has been shown to increase both the stiffness and 
capacity of flexurally strengthened members [40]; 
 Beams are not saw-cut to form a notch at the midspan; 
 Beams are not be hinged at their midspan as this may influence the behaviour of 
concrete in compression. 
 Assumptions and simplifications in the model include: considering the FRP composites to 
be isotropic and have linear elastic properties, using material models to estimate the stress-
strain behaviour of concrete and steel reinforcement, and simplifying the test setup and 
member geometry. The geometry, steel reinforcement, strengthening scheme and failure 
modes of six beams specifically chosen to cover a range of these parameters that conform to 
this criteria are listed in Table 4.1. The typical test setup used in flexural tests is illustrated in 
Fig. 4.9. 
 
Fig. 4.9. Schematic of an FRP-strengthened RC flexural test 
 
The material and extracted bond properties of each sample are provided in Table 4.2, the 
modulus of elasticity and tensile strength of either a fibre sheet or FRP plate are respectively 
listed as Ef and ff, and the τ-δ profile is taken as linear descending, Gf is the mode II fracture 
energy equal to the area under this τ-δ profile. The generated load-deflection response is 
superimposed on the experimental load-deflection response in Fig. 4.10. In general, the load-
deflection responses follow a trilinear curve, that is, the response is almost linear until the 
formation of flexural cracks, followed by a second region of reduced flexural stiffness and 
finally a further loss in stiffness in the third region due to either the onset of debonding or 
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yielding of steel tensile reinforcement. The load-deflection responses of samples B3, B8 and 
A1.1 are consistent with steel-yielding followed closely by complete debonding of the FRP 
plate. In these samples the beam cannot accommodate the deformation of the plate and 
debonding is unstable. Whereas, in samples III-4 and A3, deformation of the FRP plate at the 
onset of IC debonding can be accommodated, dividing the bonded length into stable and 
unstable regions, however a marginal increase in load thereafter causes debonding to 
propagates towards the supports. The load plateau exhibited by slab sample III-4 is predicted 
to be due to gradual debonding propagation and concrete softening prior to the complete 
debonding. Sample C8 was reported to fail by IC debonding followed by concrete crushing 
although the softening branch was not reported. Hence the model can match the reported full-
range load-deflection behaviour of the 6 samples gathered for the study with good accuracy. 
 Differences between the experimental and predicted response may be the result of errors 
in the measurement of experimental data or assumptions and simplifications in the proposed 
model. Experimental errors may include the movement of load points during loading causing 
undesired peeling or torsional stresses, sensitivity of load and deflection measurement 
equipment, variation in bond quality along the length of a beam, and the reporting of nominal 
specimen dimensions as opposed to actual specimen dimensions. 
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Table 4.1. Details of FRP-strengthened flexural test specimens: steel-reinforcement, FRP strengthening scheme and failure modes 
Specimen 
ID
a
 
Surface 
prep. 
method
b
 
Test 
type
c
 
Reinforced concrete beam configuration Strengthening scheme 
Failure 
mode
f
 
Geometry Steel reinforcement
d
 
Material
e
 Plies 
Lf 
(mm) 
tf 
(mm) 
bf 
(mm) 
D 
(mm) 
dst 
(mm) 
dsc 
(mm) 
b 
(mm) 
Lb 
(mm) 
Ls 
(mm) 
L 
(mm) Asc Ast 
B3 S 4PB 300 250 32.8 150 4260 1320 3960 2⌀15.6 2⌀15.6 CS 1 3960 0.165 75 CC 
B8 G 4PB 150 120 30 200 2300 750 2100 2⌀8 2⌀10 GP 12 1930 0.15 150 CD, IC 
C8 G 4PB 150 120 30 200 2300 750 2100 2⌀8 2⌀16 GP 12 1930 0.15 150 CC, IC 
A1.1 U 4PB 300 270
g
 30
g
 140 5000 1800 4800 2⌀16 2⌀16 CP 1 4700 1.2 80 IC 
A3 R 4PB 146 121 25 115 1650 500 1500 2⌀10 3⌀10 CS 1 1450 0.165 107.8 IC 
III-4 G 3PB 153.5 124.5 29 150.1 2200 1000 2000 - 2⌀10 CS 1 1800 0.165 50 IC 
Note:
 
a
Specimen ID: B3 is from Tumialan et al. [41], B8 and C8 are from Rahimi and Hutchinson [42], A1.1 is from Spadea et al. [43], III-4 is from Yao et al. [44] and A3 is from 
Maalej and Leong [45]. 
b
Surface prep method: S = sandblasting; G = grinding; R = roughening; U = Unspecified. 
c
Test type: 4PB = four-point bending; 3PB = three-point bending. 
d
Steel reinforcement: Denoted first the number of steel bars then the diameter of each bar. 
e
Material: CP = carbon FRP Plate; CS = carbon FRP sheet; GP = glass FRP plate. 
f
Failure mode: IC = Intermediate-crack debonding; CC = concrete crushing; CD = concrete cover delamination. 
g
Assumed value. 
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Fig. 4.10. Generated load-deflection response  
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Table 4.2. Details of FRP-strengthened flexural test specimens: material properties and 
extracted bond properties 
Specimen 
ID
a
 
Material properties 
Extracted bond properties FRP Steel Concrete 
Ef 
(GPa) 
ff 
(MPa) 
fsy 
(MPa) 
fsu 
(MPa) 
Es 
(GPa) 
fcm 
(MPa) 
τmax 
(MPa) 
δmax 
(mm) 
Gf 
(N/mm) 
B3 203.3 3400 427.5 703.3 207.5 32
b
 4.25 0.657 1.40 
B8 36 1074 575 650
b
 210 43.2
c
 2.71 0.711 0.963 
C8 36 1074 575 650
b
 210 43.2
c
 1.63 0.498 0.406 
A1.1 152 2300 435 650
b
 200 24
c
 3.48 0.394 0.686 
A3 235 3550 547 584 180 39.8 2.90 0.477 0.692 
III-4 257 4519 351 650
b
 206 28 5.29 0.633 1.67 
Note:
 
a
Specimen ID: B3 is from Tumialan et al. [41], B8 and C8 are from Rahimi and Hutchinson [42], A1.1 is from 
Spadea et al. [43], A3 is from Maalej and Leong [45] and III-4 is from Yao et al. [44]. 
b
Assumed value. 
c
Converted from cube strength, where fcm = 0.8 × cube compressive strength at 28 days. 
 
4.3.2 Extraction of bond characteristics 
Various forms of the bond-slip, τ-δ relationship have been proposed for the FRP-to-concrete 
interface [6, 7, 28, 46]. The extracted bond properties listed in Table 4.2 are derived by first 
setting an initial τ-δ relationship at the FRP-to-concrete interface of a linear descending form 
as shown in Fig. 4.11(a), and then varying only the maximum bond stress, τmax and slip at the 
initiation of debonding, δmax until the experimental load-deflection response is matched by the 
numerical model. All other mechanisms are incorporated in the moment-rotation segmental 
analysis. It is important to note that the analysis is generic and any form τ-δ relationship can 
be used, it is taken here in linear descending form for simplicity representing a single 
softening branch such that only τmax and δmax need to be varied [6, 7]. The influence of 
changes to τmax and δmax to the load-deflection response are indicated as O-B and O-C 
respectively in Fig. 4.11(b) with reference to an undeteriorated control sample indicated as O-
A. The control sample has constant bond properties, fails by steel yielding followed by 
concrete crushing and has a stable point of Ldb-a as shown in Fig. 4.11(c). 
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Fig. 4.11. Influence of bond characteristics on the load-deflection response 
 
To demonstrate influence of changes to bond characteristics, first consider a 25% increase in 
τmax to the six samples in Fig. 4.10. On average, the branch following flexural cracking on the 
load-deflection curve in Fig. 4.11(b) not only becomes stiffer by 3%, but increases the load at 
which yielding occurs, thereby increasing flexural strength by 4%. At maximum moment, the 
point at which stable debonding occurs is Ldb-b in Fig. 4.11(c) which is 9% smaller than Ldb-a 
thereby marginally promoting concrete crushing failure. Whereas increasing the slip, δmax by 
an equal amount is considerably more influential to the flexural response, not only a causing 
the flexural strength and post-cracking stiffness to increase by 9% and 2% respectively, but 
promoting concrete crushing failure by reducing the length of the stable point by 38% to Ldb-c 
in Fig. 4.11(c). This approach is essential for the durability study in the subsequent section 
since bond properties are known to change with environmental loading. 
 Table 4.3 compares the extracted bond characteristics, τmax and δmax from the present study 
to those of existing bond-slip models developed from shear bond tests. It is important to note 
however, that if the strengthening schemes of beams listed in Table 4.1 are simplified to an 
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equivalent shear bond test of equal geometry at the bonded face, samples are often outside the 
bounds of the bond-slip models. The plated width of the beam is exceeded for samples B8, C8 
and A3 [6, 27-29], the concrete compressive strength of III-4 is outside the range of Nakaba et 
al. [27]’s model, the modulus of elasticity of the FRP in B8 and C8 are below the range 
considered by Ko et al. [29]; only Wu and Jiang [47]’s model is applicable to all six samples. 
The differences in bond characteristics are mainly due to: the bond behaviour of shear bond 
test specimens being different to and acting as lower bounds to the bond behaviour near an 
intermediate flexural crack [48], and the form of the τ-δ relationship considered between each 
study. It should also be noted that the thickness of the FRP laminate, tf is the thickness of an 
individual ply of FRP, and for the case of specimens B8 and C8, best fit in the present model 
is attained when thicknesses of the longitudinally stacked plies are summed. 
Table 4.3. Comparison of extracted bond properties with predictions from bond slip models 
 Specimen ID
a
 
 B3 B8 C8 A1.1 A3 III-4 
Model
b
 
τmax 
(MPa) 
δmax 
(mm) 
τmax 
(MPa) 
δmax 
(mm) 
τmax 
(MPa) 
δmax 
(mm) 
τmax 
(MPa) 
δmax 
(mm) 
τmax 
(MPa) 
δmax 
(mm) 
τmax 
(MPa) 
δmax 
(mm) 
Present 
study 
4.25 0.657 2.71 0.711 1.63 0.498 3.48 0.394 2.90 0.477 5.29 0.633 
Nakaba et 
al.[27] 
6.76 - N/A
c
 - N/A
c
 - 6.40 - N/A
c
 - N/A
c
 - 
Lu et 
al.[28] 
5.31 0.411 N/A
c
 N/A
c
 N/A
c
 N/A
c
 4.34 0.394 N/A
c
 N/A
c
 4.81 0.452 
Seracino 
et al.[6] 
6.42 0.124 N/A
c
 N/A
c
 N/A
c
 N/A
c
 5.41 0.120 N/A
c
 N/A
c
 5.19 0.152 
Wu and 
Jiang[47] 
4.40 - 3.70 - 3.70 - 3.74 - 2.91 - 4.51 - 
Ko et 
al.[29] 
5.28 0.238 N/A
c
 N/A
c
 N/A
c
 N/A
c
 3.96 0.254 7.06 0.222 3.70 0.246 
Note:
 
a
Specimen ID: B3 is from Tumialan et al. [41], B8 and C8 are from Rahimi and Hutchinson [42], A1.1 is from 
Spadea et al. [43], A3 is from Maalej and Leong [45] and III-4 is from Yao et al. [44]. 
b
Model: Each bond model uses a different form of the τ-δ relationship: as linear descending in the present study, 
a curve based on Popovic’s equation in Nakaba et al.[27], bilinear in Lu et al. [28], linear descending in Seracino 
et al. [6], non-linear in Wu and Jiang [47] and bilinear in Ko et al. [29]. 
c
N/A: Not applicable. Specimen geometry or material properties are outside the bounds of bond-slip models. 
 
However, shear bond tests require the measurement of interfacial slip during loading, tests are 
susceptible to local bending, influenced by the segregation of aggregates over the bonded 
length [46] and the results obtained are often very scatted [25, 47]. The present approach can 
therefore be used as a research tool to further improve the bounds of bond models and used in 
conjunction with other analytical studies to identify and optimise other parameters influencing 
load-deflection behaviours. This is especially needed for assessing bond characteristics in 
deteriorated FRP-strengthened flexural members, which are known to change with exposure 
to aggressive environmental conditions. 
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4.4 Durability study 
4.4.1 Extracting bond characteristics from deteriorated members 
Studies on the degraded performance of FRP-strengthened RC flexural members have been 
widespread. Despite this, of the available published literature on members subject to 
aggressive environmental conditioning, only those summarised in Table 4.4 have been 
identified to report the full-range load-midspan deflection relationship. Following the process 
explained in Section 4.3.2, for each individual test result, bond characteristics of τmax and δmax 
at the FRP-to-concrete interface are varied, through numerous iterations, until the model 
generated flexural response closely matches the magnitude, deflection and shape of the 
experimentally measured flexural response. It should be noted that while there are models for 
the FRP-to-concrete interface at elevated temperature, derived from shear bond tests [23, 24], 
these require the input of thermal coefficients and are often outside the bounds of equivalent 
flexural test results. For example, the samples collected for the present study have widths of 
bonded FRP of 20 mm [49], 150 mm [50] and 152 mm [51] which are all outside the bounds 
of these bond-slip models for elevated temperatures. Test durations in the flexural tests are 
also longer at 10,000 hours and the FRP can be bonded in two layers [51]. While the present 
model can accommodate changes in mechanical properties of constituent materials and steel-
to-concrete interfaces, here the effects of environmental loading are lumped into the FRP-to-
concrete interface due to the limited overlap of parameters in material tests under similar 
environmental conditions. Further reasoning for this approach is provided in Section 4.4.2. 
Table 4.4. Durability studies including the full-range load-deflection response 
Reference Test conditions
a
 
Test 
setup
b
 
Type of 
FRP
c
 
Other test 
variables
d
 
Baumert et al. 
[52, 53] 
Low temperature testing, -27 °C 4PB CS  
Green et al. [54] Freeze-thaw cycling, -18 to 15 °C, 50 cycles 4PB CS  
Grace et al. [51, 
55] 
Humidity exposure by immersion in water, 38 °C, 
up to 10,000 hours 
Elevated temperature, 38 °C, up to 10,000 hours 
Alkaline solution, 23 °C , pH 9.5, up to 10,000 
hours 
Synthetic seawater, 23 °C, up to 10,000 hours 
Freeze-thaw cycling, -18 to 4 °C, up to 700 cycles 
Thermal cycling, 26.7 °C to 48.9 °C, 35 cycles 
4PB CP, CS  
Green [56] Freeze-thaw cycling, -18 to 15 °C, up to 200 cycles 4PB CS, GS  
Pack [57, 58] Freeze-thaw cycling with UV exposure, -18 to 4 
°C, 360 cycles 
3PB CP, CS, GS  
Aguiar et al. [59] Thermal cycling, 20 to 40, 60 or 80 °C, 50 cycles 3PB CP Concrete 
grade 
Oldershaw [60] Freeze-thaw cycling, -18 to 5 °C, 300 cycles 
Sustained loading 72.7% of capacity, 12 weeks 
Combined freeze-thaw and sustained loading 
4PB CP, CS, GS  
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Klamer [50] Elevated temperature testing, 50 and 70 °C 4PB CP Concrete 
grade 
Petkova [49] Elevated temperatures, up to -300 °C followed by 
12 hours of cooling 
4PB CP  
El-Dieb et al. 
[61] 
Humidity room exposure at 100% RH, 30 to 35 °C, 
up to 18 months 
Site exposure, up to 18 months 
Wet-dry cycling in water, 18 cycles 
Wet-dry cycling in sea water, 18 cycles 
Embedment in soil, up to 18 months 
4PB CS, CP Beams,  
Slabs 
Note:  
a
Test conditions: Included are the type of exposure, temperature range tested, concentration of solution, 
maximum test duration or cycles tested. 
b
Test type: 4PB = four-point bending; 3PB = three-point bending 
c
Type of FRP: CS = carbon FRP sheet; CP = carbon FRP plate; GS = glass FRP sheet. Where plate refers to 
bonding of pultruded or pre-fabricated laminates and sheet refers to bonding using the wet lay-up technique. 
d
Other test variables: Test parameters changes in addition to the duration, temperature or number of cycles of 
environmental conditioning. 
 
To investigate the role of bond deterioration on flexural response, a number of criteria in 
addition to those listed in the previous section for short-term tests, are needed from test 
samples: 
 All samples must have a corresponding undeteriorated control sample; 
 Debonding must be reported as the failure mode. Beams that have failed by rupturing 
or interlaminar failure of FRPs are omitted; 
 Samples which have undergone conditioning under multiple environmental conditions 
are omitted; 
 Samples must not be subjected to an environment that causes corrosion of steel bars. 
 The studies gathered for the study are listed in Table 4.4 and tested specimens are listed 
individually in supplementary Table S4.1. In total, the database consists of 121 tests, covering 
14 different environmental conditioning regimes. For each of the individual tests, the reported 
beam details and material characteristics are input into the mechanics based numerical model, 
only the bond properties δmax and τmax are varied until the generated load-deflection response 
matches that of experimental results as closely as possible. The generated load-deflection 
curve is terminated when it is predicted that the FRP plate has completely detached from the 
RC beam or the beam has failed by concrete crushing. Since some durability tests have been 
conducted prior to the comprehensive classification of debonding failures [2, 62] and the 
exact debonding failure is difficult to determine due to sudden and catastrophic failure of 
specimens [50], the derived bond properties are provide a lower bound to IC debonding. 
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Every generated load-deflection response is superimposed on its corresponding experimental 
result in supplementary Figs. S4.1-4.10. 
4.4.2 Deterioration of materials and the steel-to-concrete interface 
The benefit of the approach is that deterioration of the materials and of the bond interfaces 
can be catered for. However, testing of materials that constitute flexural test specimens in 
environmentally loaded FRP-strengthened flexural tests are not often reported. Hence existing 
work conducted with similar test conditions on the material and bond deterioration need to be 
considered. The presence of moisture is known to promote concrete strength development in 
compressive tests [63], elevated temperatures have been shown to damage the steel-to-
concrete bond once a range of 150-250 °C is reached with concrete softening behaviour 
typically less affected [64, 65]. These temperatures exceed glass transition temperatures, Tg of 
the bonding adhesives at the FRP-to-concrete interface, which are typically within the range 
of 60-82 °C [4], are beyond common in-service temperatures and cause significant polymer 
degradation, hence are not considered in the following analysis. Enhancements in bond 
performance is also possible, such as that due to the post-cure of the bonding adhesive [66], 
any such changes are also lumped into the FRP-to-concrete bond interface. All 
environmentally loaded flexural test samples gathered for this study are bonded either with 
carbon FRP sheets or plates, which are known to be very durable under a range of 
environmental conditions [67]. Therefore of the 14 environmental conditions, there is 
expected to be little to no change to the steel-to-concrete bond under moisture conditions, 
thermal cycling and elevated temperatures at or below 50 °C and this is supported by how 
closely the generated load-deflection response matches these experimental results. Only these 
three environmental conditions will be considered for the analysis of bond deterioration in 
Section 4.4.3. 
 One environmental condition where there is a distinct difference between the model-
generated and experimental load-deflection responses are in samples that have been exposed 
to freeze-thaw cycling. To further investigate the effects of freeze-thaw cycling on the 
flexural response, a steel-to-concrete bond test with common test parameters to that of a 
flexural test is needed. Only Ji et al.[68]’s study into the bond between steel bars and 
concrete, has common parameters with any of the flexural test gathered for present study, 
namely that of Grace [51]. In both studies the concrete has not been air-entrained, 16 mm bars 
are used, concrete compressive strengths are 31 MPa, and samples are subjected to freezing 
and thawing cycles in accordance with ASTM C666 [69], however the flexural tests cover at 
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least 350 cycles as opposed to 50 cycles in the bond test. Ji et al.[68] found that bar diameter 
is important, and for 16 mm bars the residual maximum bond stress at the steel-to-concrete 
interface, in relation to undeteriorated samples, after 50 freeze-thaw cycles is 31%, and 
residual concrete compressive strength is 65%. 
 Fig. 4.12 illustrates how the freeze-thaw deterioration reported by Ji et al.[68] may be 
accommodated as a change to the material constitutive relations for concrete in compression 
in Fig. 4.12(a), with an inset of the changes to maximum bond stress at the steel-to-concrete 
interface. For bond tests with short embedment lengths, the bond stress over the length of the 
embedment is approximately equal to the maximum bond stress, τmax [13]. Undeteriorated and 
deteriorated properties are depicted in curves O-A and O-B respectively in Fig. 4.12(a) and 
their influence on the load-deflection response in Fig. 4.12(b). The inclusion of concrete and 
steel-to-concrete interface deterioration into the model leads to a stiffer load-deflection 
response and a closer match with sample F-F 350 Cyc-2 shown in Fig. 4.11(b). 
  
Fig. 4.12. Influence of concrete and steel-to-concrete interface deterioration on the load-
deflection response 
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When a primary crack is formed, tensile stresses are transferred to the internal bars with less 
resistance from the bond and hence there less strain in concrete resisting this tensile stress. 
Therefore a primary crack can only develop further away from the initial flexural crack than 
an undeteriorated steel-to-concrete bond. The result is an increased spacing of flexural cracks, 
a stiffer load-deflection response and loss in flexural strength. Without considering steel-to-
concrete interface and concrete deterioration, bond properties at the FRP-to-concrete, that is 
τmax and δmax, are respectively 1.68 MPa and 0.605 mm. With the level of deterioration 
reported by Ji et al.[68] the FRP-to-concrete interface bond property values increase to 4.50 
MPa and 0.850 mm, which is greater than that of the undeteriorated control samples. The 
undeteriorated samples have bond property values of 2.10 MPa and 0.611 mm, for τmax and 
δmax respectively, indicating that the debonding resistance [6] and therefore the fracture 
energy of the FRP-to-concrete interface has increased with freeze-thaw cycling, and this is 
possible depending on the constituent materials of the strengthening system. For example, 
shear bonds tests conducted by Dohnálek [70] and Colombi et al. [71], containing concrete 
without air-entrainment, common to F-F 350 Cyc-2, but using different bonding adhesives, 
have shown that bond strength can increase after 75 freeze-thaw cycles in carbon FRP plate 
bonded samples, and after 200 cycles in carbon FRP sheet bonded specimens. 
 Due to the absence of degraded steel-to-concrete bond model and lack of shared parameter 
steel-to-concrete bond tests and flexural tests, the extracted bond characteristics in Table S4.1 
and in the following section do not consider the changes in the mechanical properties of the 
materials nor bond characteristics at the steel-to-concrete interface. Therefore, the analysis is 
limited to samples tests conducted under moisture conditions, thermal cycling and elevated 
temperatures at or below 50 °C. Under these conditions the model generated load-deflection 
response closely matches the experimental load-deflection response. 
4.4.3 Analysis of extracted bond characteristics 
To determine the change in bond characteristics that occurs under each environmental 
condition, the extracted bond properties of each individual sample are normalised with those 
of its respective undeteriorated control sample. In total, the collected database of flexural tests 
has 14 distinct exposure conditions, of which only the three conditions are considered for 
analysis due to the absence of material models explained in Section 4.4.2. Each condition has 
multiple durations of exposure so to simplify the analysis, only the most extreme test duration 
is considered, and this assumption is important since, samples tested at intermediate durations 
exhibit an increase in flexural strength whereas a loss in flexural strength is observed for the 
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most extreme duration or number of cycles [55]. The increase in strength over short periods of 
time are known, from shear bond tests, to occur primarily due to concrete strength 
development during environmental conditioning [16, 63]. 
 A two-sample t-test is then performed on the extracted bond properties to determine if the 
observed deterioration is statistically significant. While the data is very limited, the statistical 
analyses suggests that samples exposed in a humidity room or continually immersed in water 
exhibit similar levels of deterioration, so may be grouped as a single deterioration under a 
heading of moisture conditions. Within this group is then found that the bond characteristics 
of beams strengthened using the wet-layup technique are significantly different (calculated 
probability, p < 0.05) than those strengthened using adhesively bonded carbon FRP plates. A 
previous study by the authors [16] identified that in general, and across multiple studies, FRP 
plates and sheets exhibit similar performance, rather the durability of the bond is highly 
influenced by the durability of the bonding adhesive. Therefore this result can be due to the 
differences in mechanical properties of the saturating epoxy used for bonding FRP sheets and 
the structural epoxy for bonding FRP plates [51], moreover these properties are known to 
change with environmental exposure [72, 73]. 
 Next potential outliers of are searched for using the Extreme Studentized Deviate (ESD) 
test [74]. Within the limited number of tests, samples B/18/E/3 and B-50 have been identified 
and removed, each of which has a flexural strength and deflection much greater than 
respective control samples. The specimen details and conditioning regimes for all tests may 
be found in supplementary Table S4.1. A summary of the extracted bond properties are listed 
in Table 4.5, and the mean values for the normalised δmax and τmax are listed in Table 4.6. The 
mean normalised bond properties listed in Table 4.6 are not intended for use in design, rather 
to gauge the expected level of deterioration that occurs under accelerated environmental 
conditions. Note that only the environmental conditions with little to no steel-to-concrete 
bond deterioration are considered in Table 4.5 and Table 4.6. Hence the proposed factors 
provide a conservative estimate of the effects of moisture conditions, elevated temperatures 
and thermal cycling on IC debonding. 
Table 4.5. Summary of extracted bond properties 
Specimen ID
a
 Test condition
b
 
τmax 
(MPa) 
δmax 
(mm) 
Gf 
(N/mm) 
Moisture conditions:  
Fabric Baseline 1 Control 2.10 0.581 0.609 
Fabric Baseline 2 Control 2.10 0.642 0.673 
F-W10k-1 Continuous immersion in 
water, 38 °C, 10,000 hours 
1.68 0.520 0.436 
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F-W10k-2 Continuous immersion in 
water, 38 °C, 10,000 hours 
1.68 0.52 0.436 
S/18/L/3 Control 3.86 0.271 0.523 
S/18/E/3 Humidity room exposure, 
30 to 35 °C, 18 months 
2.63 0.190 0.250 
Elevated temperature:  
A-20 Control 4.51 0.569 1.29 
A-50 Test temperature of 50 °C 4.51 0.569 1.29 
C-20 Control 4.51 0.609 1.38 
C-50 Test temperature of 50 °C 3.22 0.557 0.90 
D-20 Control 1.60 0.409 0.327 
D-50 Test temperature of 50 °C 0.80 0.42 0.168 
20_1 Control 4.96 0.0830 0.206 
20_2 Control 4.41 0.0781 0.172 
20_3 Control 3.31 0.0708 0.117 
50_1 Test temperature of 50 °C 2.76 0.0659 0.0909 
50_2 Test temperature of 50 °C 2.76 0.0659 0.0909 
50_3 Test temperature of 50 °C 3.86 0.076 0.146 
Thermal cycling:  
Plate Baseline 1 Control 1.68 0.336 0.282 
Plate Baseline 2 Control 1.68 0.321 0.269 
P-TE 35 Cyc-1 Thermal cycling, 26.7 °C 
to 48.9 °C, 35 cycles 
2.10 0.581 0.609 
P-TE 35 Cyc-2 Thermal cycling, 26.7 °C 
to 48.9 °C, 35 cycles 
2.10 0.642 0.673 
T20-CC/CFRP Control 3.08 0.193 0.297 
T40-CC/CFRP Thermal cycling, 20 °C to 
40 °C, 35 cycles 
1.80 0.140 0.125 
T60-CC/CFRP Thermal cycling, 20 °C to 
60 °C, 35 cycles 
1.80 0.136 0.122 
T20-HPC/CFRP Control 3.28 0.209 0.344 
T40-HPC/CFRP Thermal cycling, 20 °C to 
40 °C, 35 cycles 
1.88 0.185 0.173 
T60-HPC/CFRP Thermal cycling, 20 °C to 
60 °C, 35 cycles 
1.88 0.173 0.162 
Notes: 
a
Specimen ID: Fabric Baseline 1 to F-W10k-2 are from Grace [55], S/18/L/3 to S/18/E/3 are from El-Dieb et al. 
[61], A-20 to D-50 are from Klamer [50], 20_1 to 50_3 are from Petkova [49], Plate Baseline 1 to P-TE 35 Cyc-
2 are from Grace [55] and T20-CC/CFRP to T60-HPC/CFRP are from Aguiar et al. [59]. 
b
Test conditions: Included are the type of exposure, temperature tested, concentration of solution, duration or 
number of cycles tested. 
 
Table 4.6. Bond characteristic deterioration factors 
Accelerated 
environmental condition 
Plating 
material
a
 
Mean normalised 
bond property 
Bounds τmax δmax 
Moisture conditions CS 0.761 0.800 Immersion in water [55] or humidity exposure 
[61], up to 38 °C and 18 months 
Elevated temperature CP 0.739 0.937 Testing at 50 °C [49, 50] 
Thermal cycling CP 0.802 0.744 Thermal cycling up to 60 °C and 50 cycles [55, 
59] 
Note: 
a
Plating material: CP = carbon FRP plate; CS = carbon FRP sheet. 
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The influence of the bond deterioration factors listed in Table 4.6 in relation to an 
undeteriorated sample are shown in Fig. 4.13. The ‘undeteriorated control’ curve is the model 
generated load-deflection response fitting sample A1.1 in Fig. 4.10, and the experimentally 
tested unstrengthened beam is also from Spadea et al. [43]. Imposing any of the bond 
deterioration factors in Table 4.6, whether it is the impact of moisture conditions, elevated 
temperatures or thermal cycling, a loss in flexural strength and deflection is observed. A 
summary of the predicted primary crack spacing, failure loads and deflections are presented in 
Table 4.7. As depicted in Fig. 4.11(c), a decrease in either τmax or δmax, compromises the 
ductility of the member by increasing the length of plating needed to achieve stable 
debonding. Consider the impact of moisture conditions, bond deterioration causes IC 
debonding to initiate at a lower load level, while this can initially be accommodated by the 
beam, failure occurs shortly thereafter with only a minor load increase and without yielding of 
the tensile steel reinforcement. In this example, all strengthened beams fail by complete 
debonding of the FRP, that is, the RC beam is no longer able to accommodate the deformation 
of the plate, and this occurs when the location of the stable point is greater than the available 
plated length, Ldb > Lf/2. 
 
Fig. 4.13. Influence of bond deterioration on the load-deflection response 
 
Table 4.7. Predicted changes to flexural response 
Environmental condition 
Primary crack 
spacing (mm) 
Failure 
Load (kN) Deflection (mm) 
Undeteriorated control 94 87.0 70.4 
Moisture conditions 104 80.0 58.4 
Elevated temperature 100 85.0 66.7 
Thermal cycling 97 77.5 57.7 
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The increase in beam stiffness for the deteriorated members is attributable to the influence of 
bond deterioration on the spacing of primary cracks. The tension-stiffening mechanism for 
determining crack spacing illustrated in Fig. 4.2(a), shows that as the FRP-to-concrete 
interface deteriorates, there is less resistance from the bond, and hence tensile stresses in the 
concrete are reduced. Therefore a second primary crack can form further away from the initial 
flexural crack and increase the stiffness of the beam. 
4.4.4 Comparison to bond deterioration observed in shear bond tests 
The model is shown to be able estimate the full-range load-deflection responses of 
deteriorated and undeteriorated strengthened beams and closely match the experimental 
results. However, due to a number of differences between shear bond tests and flexural tests, 
the degree of bond deterioration observed in the present analysis does not closely match the 
degree of deterioration observed in shear bond tests. A previous study by the authors [11] 
extracted bond properties for shear bond tests which had reported the full-range load-slip 
relationships of samples exposed to a range of environmental conditions. Specifically, in a 
bilinear form of the τ-δ relationship, δmax had been identified to increase while values of τmax 
generally decrease [75, 76]. A comparison between the bond deterioration factors of the 
previous study to the present study are summarised in Table 4.8 for moisture conditions and 
elevated temperatures. Bond deterioration due to thermal cycling cannot be compared since 
full-range load-displacement relationship had not been reported. 
Table 4.8. Comparison of bond characteristic deterioration factors 
Environmental condition
a
 
Mean normalised bond characteristic 
Gravina et al.[11] Present study 
τmax δmax τmax δmax 
Moisture conditions 0.946 1.47 0.761 0.800 
Elevated temperatures 0.985 1.14 0.739 0.937 
Note: 
a
Environmental condition: Refer to similar test conditions between studies. 
 
 There is little overlap of test procedures in the previous study by the authors [11] and the 
test procedures in the present study. For example, under moisture conditions, shear bond tests 
have much shorter durations of exposure of 200 [77] and 1,344 hours [11] at room 
temperature, as opposed to up to 18 month exposure with warmer temperatures in the present 
study. Elevated temperature testing for shear bond and flexural tests have been conducted 
between 40 and 50 °C, however the concrete strengths [50, 78], specimen geometries, FRP 
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material and bonding adhesives of the shear bond tests differ from the flexural tests. The 
absence of guidelines for the environmental conditioning of shear bond test samples, means 
that often no standard specification is followed and tests are conducted in isolation [16], 
which is further complicated by the use of different materials and the narrower range of 
durations and cycles when compared to the flexural tests. 
 Secondly, as explained in Section 4.4.2, any changes to the mechanical behaviour of the 
constituent materials and the steel-to-concrete interfaces are lumped into FRP-to-concrete 
interface. Should the degradation of the steel-to-concrete interface be considered, extracted 
bond properties can change, however any changes due to the environmental conditions listed 
in Table 4.6 are expected to be marginal [64, 65]. 
4.5 Conclusion 
The purpose of the present research was to incorporate the mechanics of the partially 
prestressed plate approach for FRP-strengthened beams, first described by Oehlers et al. [5], 
into a numerical model. The model, based on the mechanics of partial-interaction, is shown to 
be capable of extracting bond characteristics at the FRP-to-concrete interface from a range of 
flexural tests by matching the experimental load-deflection response. This methodology is 
applied to a database of collected tests so as to determine the effects of environmental loading 
on flexural behaviour and its implications for strength and ductility. 
 The approach is shown to be able to estimate the full-range load-deflection response of 
flexural tests covering a range of geometries, material properties and strengthening schemes 
in published literature, simply by varying the bond characteristics at the FRP-to-concrete 
interface. Extracted bond characteristics are found to be comparable to those of predictions by 
existing bond-slip models and significantly can be applied to samples containing parameters 
which would otherwise be outside the range of bond-slip models. Furthermore, it is found that 
changes to the slip at the initiation of debonding, δmax at the FRP-to-concrete interface have a 
more substantial role in member behaviour over changes to the maximum bond stress, τmax. A 
change in τmax primarily influences the development of flexural cracks about the length of a 
beam and therefore the stiffness of the member, while δmax is more important in controlling 
strength and deflection. Hence a new methodology is presented for extracting bond properties 
from short-term flexural tests and tests of flexural members subjected to environmental 
loading. 
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 Appling the methodology to a database of flexural tests of FRP-strengthened beams 
subject to aggressive environmental conditioning has revealed that bond deterioration at the 
member level can be more substantial than indicated by shear bond tests, however a number 
of limitations need to considered: (1) There is a large scatter in the results due to the variation 
in environmental conditioning regimes of tests gathered for the study, and these test 
conditions differ from equivalent shear bond tests. (2) Changes to material behaviour or steel-
to-concrete bond interface behaviour are lumped into the FRP-to-concrete interface. (3) In 
shear bond tests the failure mode is isolated, whereas debonding failure in flexural members 
can be difficult to identify due to sudden and catastrophic failure of specimens. With sound 
design, plate-end and shear induced critical diagonal crack debonding can be avoided, thus the 
proposed bond deterioration factors provide a conservative estimate of member failure by IC 
debonding for the three environmental conditions considered. 
 Until more information is available on steel-to-concrete bond interface deterioration and 
changes to the properties of constituting materials, only conservative predictions of the 
implications of FRP-to-concrete bond deterioration on member behaviour are possible and 
only for the three environmental conditions analysed. The approach, however, can be applied 
directly to load-deflection results of undeteriorated members to extract bond properties at the 
FRP-to-concrete interface. The proposed numerical model can also be used in conjunction 
with analytical studies to identify and optimise other parameters influencing load-deflection 
behaviours in FRP-strengthened RC members. More research is needed to determine the 
effects of concrete creep and shrinkage in relation to bond deterioration of FRP-strengthened 
members, to optimise the length of plating required to achieve stable debonding behaviours 
for simply supported members and to increase moment redistribution capacity for continuous 
members. 
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4.7 Nomenclature 
Asc area of compression steel 
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Ast area of tension steel 
b breadth of member 
bf width of FRP 
c concrete cover 
D section depth 
dsc depth of compression steel 
dst depth of tension steel 
Ec modulus of elasticity of concrete 
Ef modulus of elasticity of FRP 
Es modulus of elasticity of steel tension reinforcement 
fcm mean concrete cylinder compressive strength 
fsu ultimate strength of steel tension reinforcement 
fsy yield strength of steel tensile reinforcement 
ft tensile strength of FRP 
Gf fracture energy 
L span length 
Lb length of member 
Lcrit critical/effective bond length 
Lcrit-mc multiple crack analysis critical/effective bond length  
Ldb debonded length 
Ldef segment length of numerical PI analysis 
Lf FRP plated length 
Lper failure plane contact perimeter 
Ls shear span 
Lwdg axial length of concrete softening wedge 
M moment applied 
Masc moment corresponding to the peak of the ascending branch of concrete in 
compression 
Mdec moment corresponding to the softening branch of concrete in compression 
MIC moment to initiate IC debonding 
Mu-pp maximum moment of partially prestressed segment 
P applied load 
Pcomp compressive force 
Pconc force developed in the concrete 
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PIC IC debonding resistance 
Pp force in the FRP plate 
Pp-mc force in FRP between primary cracks 
Pp-sc force developed in the FRP plate at first tensile crack 
Prt force in the tensile reinforcement 
Prt-mc force in tension reinforcement between primary cracks 
Prt-sc force developed in the tension reinforcement at first tensile crack 
Scr primary crack spacing 
Scr-rt primary crack spacing due to tension reinforcement alone 
tf thickness of FRP 
Tg glass transition temperature of FRP composite 
δ slip 
δ’ slip-strain 
δdb deformation following IC debonding 
δdb-p distribution of FRP plate deformation 
δdb-RC distribution of beam soffit deformation 
δmax slip at the initiation of debonding 
δmax-p slip at the initiation of debonding of FRP plate 
δNA depth of neutral axis 
δp slip at level of the FRP plate 
δp-mc slip at FRP-to-concrete interface between primary cracks 
δp-sc slip at FRP-to-concrete interface at first tensile crack 
δRC-IC RC member soffit deformation at IC debonding initiation 
δrt-mc slip at steel-to-concrete interface between primary cracks 
δrt-sc slip at steel-to-concrete interface at first tensile crack 
ε strain 
εc-p strain in concrete due to slip at FRP-to-concrete interface 
εc-rt strain in concrete due to slip at steel-to-concrete interface 
εct.max tensile cracking strain of concrete 
εct-total total strain in concrete 
εIC FRP strain at the initiation of debonding 
εp-sc strain in FRP plate at first tensile crack 
εRC RC member soffit strain 
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εRC-asc strain corresponding to the softening branch of concrete in compression 
εRC-des strain corresponding to the peak of the ascending branch of concrete in 
compression 
εrt-sc strain in tension reinforcement at first tensile crack 
θ rotation 
τf frictional component of τ-δ relationship 
τmax maximum bond stress 
χ curvature 
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Fig. S4.1. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Grace et al. [51, 55]  
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Fig. S4.2. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Baumert [52, 53] 
 
  
Fig. S4.3. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Green et al. [54] 
 
  
Fig. S4.4. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Green et al. [56] 
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Fig. S4.5. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Pack [57] 
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Fig. S4.6. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Aguiar et al. [59] 
 
  
  
Fig. S4.7. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Oldershaw [60] 
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Fig. S4.8. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Klamer [50]  
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Fig. S4.9. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from El-Dieb et al. [61] 
 
  
  
  
 272 
 
  
  
  
  
 273 
 
  
  
  
 
 
 274 
 
Fig. S4.10. Generated load-deflection relationships superimposed on reported load-deflection 
relationships of deteriorated FRP-strengthened flexural members from Petkova [49]
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4.10 Supplementary table 
 
Table S4.1. Details of FRP-strengthened flexural test specimens: steel reinforcement, FRP strengthening scheme, accelerated environmental 
conditioning regime, material properties, failure modes and extracted bond properties 
Reference Specimen ID 
Surface 
prep. 
method
a
 
Test 
type
b
 
Reinforced concrete beam configuration Strengthening scheme 
Geometry Steel reinforcement
c
 
Material
d
 Plies 
Lf 
(mm) 
tf 
(mm) 
bf 
(mm) 
D 
(mm) 
dst 
(mm) 
dsc 
(mm) 
b 
(mm) 
Lb 
(mm) 
Ls 
(mm) 
L 
(mm) Asc Ast 
Baumert [52, 
53] 
RT-CF1 - 4PB 300 259 37 150 2000 641 1850 2⌀10 2⌀20 + 1⌀10 CSP 3 1850 1g 125 
RT-CF2 - 4PB 300 259 37 150 2000 641 1850 2⌀10 2⌀20 + 1⌀10 CSP 3 1850 1g 125 
Materials 
testing 
RT-CF3 - 4PB 300 259 37 150 2000 641 1850 2⌀10 2⌀20 + 1⌀10 CSP 3 1850 1g 125 
CT-CF1 - 4PB 300 259 37 150 2000 641 1850 2⌀10 2⌀20 + 1⌀10 CSP 3 1850 1g 125 
 CT-CF2 - 4PB 300 259 37 150 2000 641 1850 2⌀10 2⌀20 + 1⌀10 CSP 3 1850 1g 125 
                  
Green et al. 
[54]  
RT-S-CFS - 4PB 152 134.5
g
 13.52
g
 102 1220 356
g
 1067
g
 2⌀5 2⌀5 CS 1 1067g 0.11 102 
FT-S-CFS - 4PB 152 134.5
g
 13.52
g
 102 1220 356
g
 1067
g
 2⌀5 2⌀5 CS 1 1067g 0.11 102 
                  
Grace [51, 
55] 
Plate Baseline 1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
Plate Baseline 2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-W3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-W10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-W10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-H3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 276 
 
 P-H3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-H10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-H10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-S3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-S3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-S10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-S10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-A3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-A3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-A10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-A10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-F 350 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-F 350 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-F700 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-F700 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-TE 35 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 P-TE 35 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CP 1 2235.2 1.2 76.2 
 Fabric Baseline 1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 Fabric Baseline 2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-W3-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-W3-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-W10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-W10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-H3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-H3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
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 F-H10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-H10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-S3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-S3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-S10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-S10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-A3k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-A3k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-A10k-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-A10k-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-F 350 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-F 350 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-F 700 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-F 700 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-TE 35 Cyc-1 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
 F-TE 35 Cyc-2 S 4PB 254 215.9 34.9 152 2740 864.6 2540 3⌀9.5 2⌀15.9 CS 2 2235.2 0.2 152.4 
                  
Green et al. 
[56] 
CFRP-RT-2 S 4PB 152 134.5 13.52 102 1220 356
g
 1067 2⌀5 3⌀5 CS 1 1067 0.11 50 
CFRP-FT-50-3 S 4PB 152 134.5 13.52 102 1220 356
g
 1067 2⌀5 3⌀5 CS 1 1067 0.11 50 
                 
Pack [57, 58] B3 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CS 1 2130 1g 152.4 
 B4 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CS 1 2130 1g 152.4 
Material 
testing 
B11 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CS 1 2130 1g 152.4 
B12 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CS 1 2130 1g 152.4 
 B7 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CP 1 2130 1.153 101.6 
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Bond testing B8 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CP 1 2130 1.153 101.6 
B15 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CP 1 2130 1.153 101.6 
 B16 S 3PB 152.4 133.2 28.7 203 2440 1144 2288 2⌀9.53 2⌀9.53 CP 1 2130 1.153 101.6 
                  
Aguiar et al. 
[59] 
T20-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
T20-HPC-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T40-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T40-HPC-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T60-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T60-HPC-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T80-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
 T80-HPC-Plated G 3PB 150 120 30 100 650 300 600 - 2⌀6 CP 1 550 1.4 50 
                  
Oldershaw 
[60] 
P-C-3 S 4PB 152 127 25 102 1220 356 1068 2⌀5.6 2⌀5.6 CP 1 1180 1.2 50 
P-FT-4 S 4PB 152 127 25 102 1220 356 1068 2⌀5.6 2⌀5.6 CP 1 1180 1.2 50 
Materials 
testing 
P-S-2 S 4PB 152 127 25 102 1220 356 1068 2⌀5.6 2⌀5.6 CP 1 1180 1.2 50 
P-FTS-1 S 4PB 152 127 25 102 1220 356 1068 2⌀5.6 2⌀5.6 CP 1 1180 1.2 50 
                  
Klamer [50] A-20 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 50 
A-50 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 50 
 A-70 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 50 
Material 
testing 
B-20 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 80 
B-50 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 80 
 B-70 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3800 1.2 80 
Bond testing C-20 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3400 1.2 80 
C-50 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3400 1.2 80 
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 C-70 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3400 1.2 80 
 D-20 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3600 1.2 150 
 D-50 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3600 1.2 150 
 D-70 S 4PB 450 411 37 200 4000 1250 3900 2⌀8 4⌀12 CP 1 3600 1.2 150 
                  
El-Dieb et al. 
[61] 
B/18/L/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
B/18/E/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
 B/18/S/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
 B/18/DW/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
 B/18/SW/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
 B/18/EM/3 - 4PB 250 220
g
 30
g
 100 1800 500 1650 2⌀6 2⌀10 CP 1 1650 1.2 50 
 S/18/L/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
 S/18/E/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
 S/18/S/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
 S/18/DW/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
 S/18/SW/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
 S/18/EM/3 - 4PB 100 70
g
 30
g
 450 1800 500 1650 - 4⌀10 CP 3h 1650 1.2 50 
                  
Petkova [49] 20_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
20_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 20_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
Bond testing 50_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
50_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 50_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 100_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
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 100_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 100_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 150_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 150_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 150_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 200_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 200_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 200_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 250_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 250_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 250_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 300_1 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
 300_2 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
  300_3 SB 4PB 100 90
g
 10
g
 100 500 175 450 2⌀6 2⌀6 CP 1 400 1.2 20 
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Specimen ID 
Conditioning/exposure regime
e
 
Material properties 
Debonding 
failure 
mode
f
 
Extracted bond properties FRP Steel Concrete 
Cycles 
Temperature °C Relative 
humidity 
% 
Duration Details 
Ef 
(GPa) 
ff 
(MPa) 
fsy 
(MPa) 
fu 
(MPa) 
Es 
(GPa) 
fcm 
(MPa) 
τmax 
(MPa) 
δmax 
(mm) 
Gf 
(N/mm) 
On Off On Off Exposure type 
RT-CF1 - 21 - - - - C 140 2260 436 572 198.2 38 CDC 4.70 0.169 0.398 
RT-CF2 - 21 - - - - C 140 2260 436 572 198.2 38 CDC 4.44 0.180 0.398 
RT-CF3 - -27 - - - - C 140 2260 436 572 198.2 38 CDC 4.96 0.169 0.420 
CT-CF1 - -27 - - - - L 140 2260 436 572 198.2 44 CDC 4.54 0.193 0.438 
CT-CF2 - -27 - - - - L 140 2260 436 572 198.2 44 CDC 4.54 0.186 0.423 
                  
RT-S-CFS 0 RT - - - - C 235 3482
g
 650
g
 400 200
g
 31
g
 IC or CDC 2.29 0.260 0.298 
FT-S-CFS 50 -18 15 - 16h 8h FT 235 3482
g
 650
g
 400 200
g
 31
g
 IC or CDC 3.06 0.337 0.515 
                  
Plate Baseline 1 - RT RT - - - C 138 2070 414 650
g
 200
g
 31 D 1.68 0.336 0.282 
Plate Baseline 2 - RT RT - - - C 138 2070 414 650
g
 200
g
 31 D 1.68 0.321 0.269 
P-W3k-1 - 38 - 100 3000 - W 138 2070 414 650
g
 200
g
 31 D 1.68 0.315 0.264 
P-W10k-1 - 38 - 100 10000 - W 138 2070 414 650
g
 200
g
 31 D 2.10 0.144 0.151 
P-W10k-2 - 38 - 100 10000 - W 138 2070 414 650
g
 200
g
 31 D 2.10 0.165 0.173 
P-H3k-1 - 60 - - 3000 - E 138 2070 414 650
g
 200
g
 31 D 2.10 0.290 0.305 
P-H3k-2 - 60 - - 3000 - E 138 2070 414 650
g
 200
g
 31 D 2.10 0.338 0.354 
P-H10k-1 - 60 - - 10000 - E 138 2070 414 650
g
 200
g
 31 D 2.10 0.290 0.305 
P-H10k-2 - 60 - - 10000 - E 138 2070 414 650
g
 200
g
 31 D 2.10 0.260 0.273 
P-S3k-1 - 23 - - 3000 - SO 138 2070 414 650
g
 200
g
 31 D 1.26 0.413 0.260 
P-S3k-2 - 23 - - 3000 - SO 138 2070 414 650
g
 200
g
 31 D 2.10 0.413 0.433 
Reference, steel reinforcement, FRP strengthening scheme 
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P-S10k-1 - 23 - - 10000 - SO 138 2070 414 650
g
 200
g
 31 D 2.10 0.165 0.173 
P-S10k-2 - 23 - - 10000 - SO 138 2070 414 650
g
 200
g
 31 D 2.10 0.193 0.202 
P-A3k-1 - 23 - - 3000 - A, pH 9.5 138 2070 414 650
g
 200
g
 31 D 1.26 0.373 0.235 
P-A3k-2 - 23 - - 3000 - A, pH 9.5 138 2070 414 650
g
 200
g
 31 D 1.26 0.413 0.260 
P-A10k-1 - 23 - - 10000 - A, pH 9.5 138 2070 414 650
g
 200
g
 31 D 2.10 0.355 0.372 
P-A10k-2 - 23 - - 10000 - A, pH 9.5 138 2070 414 650
g
 200
g
 31 D 2.52 0.321 0.404 
P-F 350 Cyc-1 350 -17.8 4 - 30min 50min FT 138 2070 414 650
g
 200
g
 31 D 2.10 0.303 0.317 
P-F 350 Cyc-2 350 -17.8 4 - 30min 50min FT 138 2070 414 650
g
 200
g
 31 D 2.10 0.303 0.317 
P-F700 Cyc-1 700 -17.8 4 - 30min 50min FT 138 2070 414 650
g
 200
g
 31 D 2.52 0.260 0.327 
P-F700 Cyc-2 700 -17.8 4 - 30min 50min FT 138 2070 414 650
g
 200
g
 31 D 2.52 0.226 0.285 
P-TE 35 Cyc-1 35 26.7 48.9 - 2.5h 2.5h TC 138 2070 414 650
g
 200
g
 31 D 2.10 0.238 0.250 
P-TE 35 Cyc-2 35 26.7 48.9 - 2.5h 2.5h TC 138 2070 414 650
g
 200
g
 31 D 2.10 0.199 0.208 
Fabric Baseline 1 - RT RT - - - C 227 2758 414 650
g
 200
g
 31 D 2.10 0.581 0.609 
Fabric Baseline 2 - RT RT - - - C 227 2758 414 650
g
 200
g
 31 D 2.10 0.642 0.673 
F-W3-1 - 38 - 100 3000 - W 227 2758 414 650
g
 200
g
 31 D 7.13 0.559 2.00 
F-W3-2 - 38 - 100 3000 - W 227 2758 414 650
g
 200
g
 31 D 6.29 0.458 1.44 
F-W10k-1 - 38 - 100 10000 - W 227 2758 414 650
g
 200
g
 31 D 1.68 0.520 0.436 
F-W10k-2 - 38 - 100 10000 - W 227 2758 414 650
g
 200
g
 31 D 1.68 0.520 0.437 
F-H3k-1 - 60 - - 3000 - E 227 2758 414 650
g
 200
g
 31 D 2.10 0.672 0.705 
F-H3k-2 - 60 - - 3000 - E 227 2758 414 650
g
 200
g
 31 D 4.20 0.510 1.07 
F-H10k-1 - 60 - - 10000 - E 227 2758 414 650
g
 200
g
 31 D 2.10 0.590 0.619 
F-H10k-1 - 60 - - 10000 - E 227 2758 414 650
g
 200
g
 31 D 5.67 0.627 1.78 
F-S3k-1 - 23 - - 3000 - SO 227 2758 414 650
g
 200
g
 31 D 1.68 0.581 0.487 
F-S3k-2 - 23 - - 3000 - SO 227 2758 414 650
g
 200
g
 31 D 1.76 0.541 0.477 
F-S10k-1 - 23 - - 3000 - SO 227 2758 414 650
g
 200
g
 31 D 1.68 0.520 0.436 
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F-S10k-2 - 23 - - 3000 - SO 227 2758 414 650
g
 200
g
 31 D 1.68 0.520 0.436 
F-A3k-1 - 23 - - 3000 - A, pH 9.5 227 2758 414 650
g
 200
g
 31 D 1.89 0.556 0.525 
F-A3k-2 - 23 - - 3000 - A, pH 9.5 227 2758 414 650
g
 200
g
 31 D 1.68 0.596 0.500 
F-A10k-1 - 23 - - 3000 - A, pH 9.5 227 2758 414 650
g
 200
g
 31 D 1.26 0.565 0.356 
F-A10k-2 - 23 - - 3000 - A, pH 9.5 227 2758 414 650
g
 200
g
 31 D 1.26 0.565 0.356 
F-F 350 Cyc-1 350 -17.8 4 - 30min 50min FT 227 2758 414 650
g
 200
g
 31 D 1.68 0.581 0.487 
F-F 350 Cyc-2 350 -17.8 4 - 30min 50min FT 227 2758 414 650
g
 200
g
 31 D 1.68 0.605 0.508 
F-F 700 Cyc-1 350 -17.8 4 - 30min 50min FT 227 2758 414 650
g
 200
g
 31 D 0.420 0.413 0.087 
F-F 700 Cyc-2 350 -17.8 4 - 30min 50min FT 227 2758 414 650
g
 200
g
 31 D 1.47 0.550 0.404 
F-TE 35 Cyc-1 35 26.7 48.9 - 2.5h 2.5h TC 227 2758 414 650
g
 200
g
 31 D 5.46 0.516 1.41 
F-TE 35 Cyc-2 35 26.7 48.9 - 2.5h 2.5h TC 227 2758 414 650
g
 200
g
 31 D 5.83 0.526 1.53 
                  
CFRP-RT-2 0 RT - - - - C 230.5 3482 475 650
g
 200
g
 31 Y, D 3.37 0.826 1.39 
CFRP-FT-50-3 50 -18 15 - 16h 8h FT 230.5 3482 475 650
g
 200
g
 31 Y, D 2.02 0.207 0.209 
                  
B3 0 RT - - - - C 57.5 651 476 747 200
g
 38 IC 3.79 0.373 0.708 
B4 0 RT - - - - C 57.5 651 476 747 200
g
 38 IC 3.79 0.662 1.26 
B11 360 -18 4.44 - 70min 70min FT, UV 57.5 651 476 747 200
g
 38 PE 3.29 0.640 1.05 
B12 360 -18 4.44 - 70min 70min FT, UV 57.5 651 476 747 200
g
 38 PE 3.29 0.711 1.17 
B7 0 RT - - - - C 123 2211 476 747 200
g
 38 PE 2.92 0.616 0.899 
B8 0 RT - - - - C 123 2211 476 747 200
g
 38 PE 2.92 0.583 0.851 
B15 360 -18 4.44 - 70min 70min FT, UV 123 2211 476 747 200
g
 38 PE 2.92 0.554 0.810 
B16 360 -18 4.44 - 70min 70min FT, UV 123 2211 476 747 200
g
 38 PE 2.92 0.542 0.792 
                  
T20-Plated 0 20 - - - - C 165 2800 400 650
g
 200
g
 30 PE, CD 3.08 0.193 0.297 
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T20-HPC-Plated 0 20 - - - - C 165 2800 400 650
g
 200
g
 90 PE, CD 3.28 0.209 0.344 
T40-Plated 50 40 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 30 PE, CD 1.80 0.140 0.125 
T40-HPC-Plated 50 40 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 90 PE, CD 1.88 0.185 0.173 
T60-Plated 50 60 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 30 CD 1.80 0.136 0.122 
T60-HPC-Plated 50 60 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 90 CD 1.88 0.173 0.162 
T80-Plated 50 80 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 30 IC 1.28 0.119 0.0764 
T80-HPC-Plated 50 80 20 - 6h 6h TC 165 2800 400 650
g
 200
g
 90 IC 2.06 0.115 0.119 
                  
P-C-3 0 RT - - - - C 165 2800 492 587 200 42.5 PE 2.81 0.566 0.795 
P-FT-4 300 -18 5 - 2.5hr 2.5hr FT 165 2800 492 587 200 42.5 PE 2.81 0.628 0.882 
P-S-2 0 RT - - 12wks - S 165 2800 492 587 200 42.5 CDC 2.81 0.620 0.871 
P-FTS-1 300 -18 5 - 2.5hr 2.5hr FT, S 165 2800 492 587 200 42.5 PE 2.50 0.545 0.681 
                  
A-20 - 20 - 0 - - C 165 2800 560 650
g
 200 27.7 CDC 4.51 0.569 1.28 
A-50 - 50 - 6h - - E 165 2800 560 650
g
 200 27.7 CDC 4.51 0.569 1.28 
A-70 - 70 - 30h - - E 165 2800 560 650
g
 200 27.7 CDC 4.51 0.617 1.39 
B-20 - 20 - 0 - - C 165 2800 560 650
g
 200 36 CDC 4.25 0.478 1.02 
B-50 - 50 - 6h - - E 165 2800 560 650
g
 200 36 CDC 6.90 0.544 1.88 
B-70 - 70 - 30h - - E 165 2800 560 650
g
 200 36 CDC 4.78 0.522 1.25 
C-20 - 20 - 0 - - C 165 2800 560 650
g
 200 51.2 PE 4.51 0.609 1.37 
C-50 - 50 - 6h - - E 165 2800 560 650
g
 200 51.2 PE 3.22 0.557 0.897 
C-70 - 70 - 30h - - E 165 2800 560 650
g
 200 51.2 PE 2.77 0.187 0.259 
D-20 - 20 - 0 - - C 165 2800 560 650
g
 200 52.3 PE 1.60 0.409 0.327 
D-50 - 50 - 6h - - E 165 2800 560 650
g
 200 52.3 PE 0.800 0.420 0.168 
D-70 - 70 - 30h - - E 165 2800 560 650
g
 200 52.3 PE 0.27 0.409 0.0545 
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B/18/L/3 0 23-25 - 40-50 18mo - C 150 2500 425 650
g
 200
g
 38 D 4.09 0.296 0.604 
B/18/E/3 0 30-35 - 100 18mo - H 150 2500 425 650
g
 200
g
 38 D 5.84 0.444 1.30 
B/18/S/3 0 25-40 - 40-50 18mo - S 150 2500 425 650
g
 200
g
 38 D 4.67 0.386 0.902 
B/18/DW/3 18 23-25 23-25 - 2wk 2wk WDW 150 2500 425 650
g
 200
g
 38 D 4.67 0.444 1.04 
B/18/SW/3 18 23-25 23-25 - 2wk 2wk WDS 150 2500 425 650
g
 200
g
 38 D 4.67 0.431 1.01 
B/18/EM/3 - - - - - - EM 150 2500 425 650
g
 200
g
 38 D 4.67 0.386 0.902 
S/18/L/3 0 23-25 - 40-50 18mo - C 150 2500 425 650
g
 200
g
 38 D 3.86 0.271 0.523 
S/18/E/3 0 30-35 - 100 18mo - H 150 2500 425 650
g
 200
g
 38 D 2.63 0.190 0.250 
S/18/S/3 0 25-40 - 40-50 18mo - S 150 2500 425 650
g
 200
g
 38 D 4.50 0.226 0.508 
S/18/DW/3 18 23-25 23-25 - 2wk 2wk WDW 150 2500 425 650
g
 200
g
 38 D 7.07 0.497 1.76 
S/18/SW/3 18 23-25 23-25 - 2wk 2wk WDS 150 2500 425 650
g
 200
g
 38 D 3.21 0.633 1.02 
S/18/EM/3 - - - - - - EM 150 2500 425 650
g
 200
g
 38 D, C 3.86 0.294 0.566 
                  
20_1 - 20 - 60min - - C 165 2000 650
g
 275 210 40.2 CDC 4.96 0.0830 0.206 
20_2 - 20 - 60min - - C 165 2000 650
g
 275 210 40.2 CDC 4.41 0.0781 0.172 
20_3 - 20 - 60min - - C 165 2000 650
g
 275 210 40.2 CDC 3.31 0.0708 0.117 
50_1 - 50 - 60min - - E 165 2000 650
g
 275 210 40.2 IC or CDC 2.76 0.0659 0.0909 
50_2 - 50 - 60min - - E 165 2000 650
g
 275 210 40.2 IC or CDC 2.76 0.0659 0.0909 
50_3 - 50 - 60min - - E 165 2000 650
g
 275 210 40.2 IC or CDC 3.86 0.0757 0.146 
100_1 - 100 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 1.38 0.0732 0.0505 
100_2 - 100 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 1.65 0.0830 0.0687 
100_3 - 100 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 3.31 0.0537 0.0889 
150_1 - 150 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.83 0.0732 0.0303 
150_2 - 150 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 1.10 0.0952 0.0525 
150_3 - 150 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.552 0.0488 0.0135 
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200_1 - 200 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.386 0.0342 0.00660 
200_2 - 200 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.607 0.0537 0.0163 
200_3 - 200 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.552 0.0488 0.0135 
250_1 - 250 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.248 0.0220 0.00273 
250_2 - 250 - 60min - - E 165 2000 650
g
 275 210 40.2 IC 0.386 0.0342 0.00660 
250_3 - 250 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.276 0.0269 0.00371 
300_1 - 300 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.160 0.0146 0.00117 
300_2 - 300 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.386 0.0342 0.00660 
300_3 - 300 - 60min - - E 165 2000 650
g
 275 210 40.2 CDC 0.248 0.0220 0.00273 
Note:
 
a
Surface prep method: S = sandblasting; G = grinding; SB = steel brushing. 
b
Test type: 4PB = four-point bending; 3PB = three-point bending. 
c
Steel reinforcement: Denoted is first the number of steel bars then the diameter of each bar. 
d
Material: CP = carbon FRP Plate; CS = carbon FRP sheet; CSP = pre-impregnated carbon sheets. 
e
Conditioning/exposure regime: A summary of the number of cycles, temperature and duration of the accelerated aggressive environments. C = 
Control samples; L = low temperature; E = elevated temperature; FT = freeze-thaw cycling; W = water immersion; SO = synthetic oceanwater; A 
= alkaline solution; TC = thermal cycling; UV = UV exposure for 420 hours; SL = sustained load 72.7% of ultimate; S = site exposure; H = 
humidity room; WDW = wet-dry cycling in water; WDS = wet-dry cycling in seawater; EM = embedded in soil. 
f
Debonding failure mode: IC = Intermediate crack debonding; CDC = critical diagonal crack debonding; R = FRP rupture; Y = steel yielding; CC 
= concrete crushing; C = corrosion of steel reinforcement; D = debonding failure reported as delamination or peeling; IC or CDC = Unclear 
whether IC debonding or CDC debonding has been observed. 
g
Assumed value. 
h
Number of adjacent strips. 
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5 Conclusion 
This thesis set out to assess the implications of environmental loading on the performance of 
FRP-strengthened flexural members. In order to predict the full-range load-deflection 
response of degraded FRP-strengthened members, the durability and bond-slip behaviour of 
the FRP-to-concrete interface, critical to debonding failures, first needed to be studied. Hence 
the study first set out to identify the driving mechanisms influencing bond deterioration in 
FRP-to-concrete joints. 
5.1 Durability of adhesively bonded FRP-to-concrete joints 
Shear bond testing of deteriorated FRP-to-concrete joints has been widespread. However, 
differences in methodologies, due to the absence of available guidelines, have resulted in 
reports of both strength gain and strength loss across studies with similar environmental 
conditioning regimes and test setups. The first objective of this thesis was to therefore provide 
a global assessment of all the data so as to determine the parameters influencing the degraded 
behaviour of FRP-to-concrete joints. A simple relationship between concrete strength 
development and adhesive deterioration over the duration of conditioning was shown to be 
able to explain the various reported failure modes in shear bond test samples. Then, through a 
regression analysis, general trends for the deterioration of joints under various aggressive 
environmental conditions were established, and these findings were used to provide 
conservative predictions of the change in bond strength with environmental loading under 
moisture conditions, freeze-thaw cycling and elevated temperatures. However, with very 
limited reporting of the full-range load-displacement relationship, a general bond-slip relation 
for bond deterioration, needed for predicting member behaviour, could not be proposed. 
5.2 Extraction and analysis of bond-slip characteristics in deteriorated 
FRP-to-concrete joints 
Therefore, the deterioration of the bond was further investigated through an experimental 
study that exposed shear bond test samples to one of three aggressive environmental 
 288 
 
conditions: continuous immersion in water; a saltwater solution or, for the first time, a 
sulphuric acid solution. The sulphuric acid solution, which simulated the pooling of acid rain, 
was shown to be most detrimental to the bond of the three conditions tested. Then, a 
mechanics based numerical model was developed and applied to the results of the present 
study as well as existing shear bond test results in published literature to reveal the change in 
bond characteristics that occur with environmental conditioning. Significantly, the model was 
shown to be able to extract bond characteristics of test samples that are outside the bound of 
existing bond-slip models. Through a statistical analysis of the extracted bond characteristics, 
a set of bond deterioration factors were proposed. The factors allow for the design of future 
shear bond tests investing bond durability to accommodate extensions of the effective bond 
length.  
5.3 A partial-interaction approach for extracting FRP-to-concrete bond 
characteristics from environmentally loaded flexural tests 
At the member level, a partial-interaction moment-rotation approach for IC debonding was 
adapted into a numerical solution to assess the implications of bond deterioration on flexural 
behaviour. The model uses the mechanics of partial-interaction to relate the formation and 
widening of cracks to the slip at bond interfaces, thereby allowing changes at any bond 
interface due to environmental loading to be simulated. Furthermore, the approach allows the 
member to be loaded beyond the commencement of IC debonding, such that concrete 
softening can be simulated should it occur and plated lengths, necessary to ensure the 
effectiveness of the system, can be quantified. Using the model, it was shown that the load-
deflection response of tested beams and slabs in published literature can be closely matched 
by varying the bond characteristics at the FRP-to-concrete interface. Thus, a new 
methodology for extracting bond characteristics using the load-deflection response of FRP-
strengthened RC flexural members was presented. The methodology was then applied to 
degraded FRP-strengthened RC beams and slabs to reveal that bond deterioration promotes 
unstable IC debonding by increasing the length of plating required to accommodate RC beam 
deformation, thereby compromising both flexural strength and ductility. 
5.4 Recommendations for future research 
The lack of common methodologies, common materials, and limited test information in the 
studies gathered for this research highlights the need for improved testing procedures in shear 
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bond tests. The present research identified the influential factors contributing to bond 
deterioration, and took into account the high degree of experimental scatter to provide 
conservative predictions for the change in bond strength with environmental loading. To 
further our understanding, future studies investigating bond durability by shear bond testing 
should be wary of concrete strength development over the test duration, ensure adequate 
bonded lengths to allow elongation of the effective bond length, avoid undesirable failure 
modes of primer failure, FRP rupture or prism failure by sound design and report results in a 
context suitable for assessing full-range bond-slip behaviour. 
 The proposed numerical solutions for extracting bond characteristics from shear bond tests 
and flexural tests, detailed in this thesis, offer new avenues for future research. Significantly, 
the models are generic, in that they can accommodate any material and any bond 
characteristics, and therefore can be applied to new sets of bond test and flexural test data as 
more information becomes available, which can then be used to broaden the bounds of bond-
slip models. Hence, the proposed bond characteristic deterioration factors in this thesis can be 
further developed for a broader range of environmental conditions, test durations and 
materials. 
 More research is needed to determine the effects of concrete creep and shrinkage in 
relation to bond deterioration in FRP-strengthened members, to optimise the length of plating 
required to achieve stable debonding behaviours for simply supported members and to 
increase moment redistribution capacity of continuous members. 
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